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About 120 baryons and baryon resonances are known, from the abundant nucleon with u and d 
light-quark constituents up to the SjJ~ = (bsd) which contains one quark of each generation and 
to the recently discovered = (bss). In spite of this impressively large number of states, the 
underlying mechanisms leading to the excitation spectrum are not yet understood. Heavy-quark 
baryons suffer from a lack of known spin-parities. In the light-quark sector, quark-model calcu- 
lations have met with considerable success in explaining the low-mass excitations spectrum but 
some important aspects like the mass degeneracy of positive-parity and negative-parity baryon 
excitations remain unclear. At high masses, above 1.8 GeV, quark models predict a very high 
density of resonances per mass interval which is not yet observed. In this review, issues are iden- 
tified discriminating between different views of the resonance spectrum; prospects are discussed 
how open questions in baryon spectroscopy may find answers from photo- and electro-production 
experiments which are presently carried out in various laboratories. 

PACS: 12.39.-x; 13.60.-r; 13.75.-n; 14.20.-c 
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I. INTRODUCTION 



A. Why baryons? 

Understanding meson resonances and the search for 
glueballs, hybrids and multiquark states has remained 
an active field of research since the time when the high- 
energy frontier brought into light the existence of the 
zoo of elementary particles. At that time, baryon spec- 
troscopy flourished as well; but it came to a still-stand 
when the complexity of the three-quark system was real- 
ized. 

In the recent years, interest in baryon spectroscopy 
has grown again. In his memorable closing speech at the 
workshop on Excited Nucleons and Hadronic Structure in 
Newport Ne ws, 2000, Nathan Isgur asked "Why iV*'s?" 
( Isgurl . [2000T) . and gave three answers: "The first is that 
nucleons are the stuff of which our world is made. My 
second reason is that they are the simplest system in 
which the quintcssentially nonabelian character of QCD 
is manifest. The third reason is that history has taught 
us that, while relatively simple, baryons are sufficiently 
complex to reveal physics hidden from us in the mesons" . 
Indeed, baryons were at the roots of the development of 
the quark model. For refs. to som e early papers, se e, e.g., 
(|Gell-Mann and Ne'emar] . 11964k iKokkedeel Il969h . For 



an introd uction to Quantum ChromoDy namics (QCD), 
see, e.g., (iNarisonl [200l lYndurainl . Il999h . 

Today, we have a series of precise questions for which 
we would like to see answers from experiments which 
are presently on the floor or are being planned. While 
the spectroscopy of baryons with b quarks is still in 
its infancy, the number of known charmed baryon 
ground-states and resonances has increased substantially 
in recent years. But we do not know: 

1. Will baryons with triple charm reveal the genuine 
spectroscopy of three color charges bound by glu- 
ons, which is somewhat hidden by the chiral dy- 
namics in light baryons? 

2. Will baryons with two heavy quarks combine 
a charmonium-likc heavy quark dynamics and a 
charmed-meson-like relativistic motion of a light 
quark bound around a static color source? 

3. Will single-charm baryons, and their beauty 
analogs help understanding the hierarchy of light- 
quark excitations and provide keys to disentangle 
the pattern of highly-excited nucleoli and A 
resonances? 

Several questions should be answered by studying 
light baryons: 

4. Can we relate the occurrence of Regge trajectories 
and the confinement property of QCD? 

5. Can high-mass excitations be described by the dy- 
namics of three quarks (in symmetric quark mod- 
els) or do diquark effects play an important role? 
Quark models describe baryons as dynamics of 
three flavored quarks. Chiral symmetry breaking is 
supposed to provide constituent masses; the color- 
degrees of freedom are integrated out. In spite of 
the indisputable success of the quark model, the 
question needs to be raised if this type of mean- 
field theories can be applied to the full resonance 
spectrum. 

6. Can we identify leading interactions between con- 
stituent quarks? Can we find signatures for the 
property of flavor independence which is expected 
in QCD? 

7. Are hyperfine splittings and other spin-dependent 
effects generated by an effective one-gluon ex- 
change, even for light quarks? Or by the exchange 
of Goldstone bosons? Or are instanton-induced in- 
teractions at work? 

8. What are missing resonances and why are they 
missing? Mostly, missing resonances are defined 
as resonances which are predicted by symmetric 
quark models but which have not (yet) been found. 
More restricted is a definition where baryons ex- 
pected in symmetric but not in diquark models are 
considered to be missing resonances. The lowest- 
mass example of this type of resonances is the not- 
well established quartet of nucleon resonances con- 
sisting of JV 1/2+ (1880), ^3/2+ (1900), iV 5/2+ (1890), 
A 7/2+ (1990). 
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9. The observed spectrum of baryon resonances seems 
to exhibit a rather simple pattern. Is this pattern 
accidental or does it reflect a phase transition which 
may occur when baryons are highly excited? 

10. Are high-mass baryons organized in the form of 
spin-parity doublets or chiral multiplcts, of mass- 
degenerate states having identical spin and parity ? 

11. Do we understand baryon decays, or what can be 
learned studying decays? 



B. The structure of baryons 

From deep inelastic scattering we know that the nu- 
cleon has a complicated structure. The structure func- 
tions reveal the longitudinal momentum distributions of 
valence and sea quarks; generalized parton distributions 
give access to their transverse momenta and their corre- 
lation with the longitudinal momenta. By integration, 
a few interesting global features follow. The number 
N v of valence quarks (integrated over Fcynman x) is 
N v = N q — 2N S = 3. The nucleon has a strange quark 
sea with N s ks 0.1N Uj d- In the infinite momentum frame, 
gluons carry a large (« 0.5) fraction of the total momen- 
tum. From the hadronization of e + e~ pairs it is known 
that there are three colors, N c = 3. And the width of the 
neutral weak interaction boson Z° reveals the number of 
generations Nq (with at least one neutrino with mass 
below 45GeV), Ag = 3. Time-like and spatial form- 
factors of protons differ by factor of 2 at Q 2 « lOGeV 2 . 
Perturbatively, this factor should be 1. The discrepancy 
teaches us that even at this large momentum transfer, 
quark correlations play an important role. 



C. Naming scheme 

The Particle Data Group (PDG) (|Amsler et all I2008D 
identifies a baryon by its name and its mass. The particle 
name is A or A for baryons having isospin 1/2 or 3/2, 
respectively, with three u, d quarks; the name is A or £ 
for baryons having two u, d quarks and one s quark; the 
two light quarks couple to isospin or 1, respectively. 
Particles with one u or d quark are called S, they have 
isospin 1/2. The Q with no u or d quark has isospin 0. 
If no suffix is added, the remaining quarks are strange. 
Thus, the f2 has three s quarks. Any s quark can be 
replaced by a c (or b) quark which is then added as a 
suffix. Depending on isospin, A c or E c (or Af, or £&) 
are formed by replacing one s quark by a heavy quark. 
Resonances with one charmed and one strange quark are 
called E c , those with two or three charmed quarks S cc or 
f2 ccc . The Hb with one b, one s, and one u or d quark has 
already been mentioned. 

Resonances are characterized by adding L 2 j j2 j behind 
the particle name where L defines the lowest orbital- 
angular momentum required when they disintegrate into 



the ground state and a pscudoscalar meson, / and J arc 
isospin and total angular momentum, respectively. 

We deviate from this definition. E.g., the two particles 
A(1535)S , n and N(1520)L>i 3 derive their name from the 
fact that they form an S-wave (D-wave) in irN scatter- 
ing. The first "1" indicates that they have isospin 1/2 
(which is already clear for a nucleon excitation) , the sec- 
ond "1" defines its total spin to be J = 1/2. The parity 
of the states is deduced from the positive parity of the 
orbital angular momentum state and the intrinsic pari- 
ties of the ground state baryon (which is +1) and of the 
pseudoscalar meson (which is —1). 

We call these two states N 1/2 - (1535) and N 3/2 - (1520). 
These are the observed states. They can be mix- 
tures of quark model states. E.g., the A 1 / 2 -(1535) and 
A1/2- (1650) can be written in the form 

N 1/2 - (1535) = cos 1/a - | 2 N 1/2 - ) - sin 6 1/2 - | 4 N 1/2 - ) 
N 1/2 - (1650) = sin 9 1/2 - | 2 A 1/2 - ) + cos 9 1/2 - | 4 N 1/2 - {1) 

where 2 N 1 / 2 - has intrinsic quark spin s = 1/2 while 
4 Ai/ 2 - belongs to the s = 3/2 quartet. It is often use- 
ful to classify baryons according to a baryon model in 
which the interaction between the (constituent) quarks 
are approximated by harmonic oscillators (HO). In the 
HO approximation, baryons develop a band structure. 
Mixing between states belonging to different bands but 
having identical external quantum numbers is possible. 
Further components to the states in eq. |T]) could come 
from the third excitation band with N = 3. A state 

\ 2 N 1/2 -,D m (L = l)^ 1 ), (2) 

is a spin-doublet quark model state belonging to the third 
excitation band with one unit of orbital angular momen- 
tum, having a 56-plet SU(3) flavor structure. Explicit 
quark model calculations give a small mixing between 
different bands and the band structure is preserved. 



D. Guide to the literature 

Prime sources of original information is found in the 
proceedings of three conference series on the Structure 
of Baryons and on A^*. The latest conferences were 
held as tri-annual International Conference on the Struc- 
ture of Baryons, Baryons'07, in Seoul, Korea (2007), and 
as bi-annual International Conference on Meson-Nucleon 
Physics and the Structure of the Nucleon (MENU 2007) 
in Jlilich, Germany, (2007). Irregularly, mostly bi- 
annual, took place the NSTAR Workshop (Physics of 
Excited Nucleons) which, in 2009, was hosted in Beijing. 

Experimentally indispensable is the Review of Par- 
ticle Propertie s publ ished by the Particle Data Group 
(|Amsler et all l2008h which will be used through- 
out this review. It includes a few minireviews on 
baryo ns: dHohler and Workman! . 120081 ; iTrillind . l2008t 
IWohll . I2008albh . Still very useful is the broad review 
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by ( Hev and Kellvl . Il983l ). The advances of the quark 
model to describe the baryon e xcitation spectrum and 
baryo n decays are reviewed by ( Capstick and Roberts! . 
2000). Low-energy photoproduction and implications 
for low-lying resonances are critically discussed by 
(Kruschc and Schadmandl . l2003h . Not included here is 
the physics of cascade resonances: of H's and Si's where 
little information has been added since the review of 
dHev and Kellvl . Il983h . There is a proposal to study 3 
resonances at Jlab, and firs t results demonstrated the 
feasibility (|Guo et all I2007D. The latest review on E 



baryons can be found in (jMeadowsl Il980f) 



E. Abbreviations 

For the sake of readability, we collect here abbrevia- 
tions used in the text. 

p, A are the Jacobi variables for the 3-body problem, 

L is the orbital angular momentum, L = l p + 1\, 

S = Si + S2 + *3 is the total quark spin, 

J = L + S is the total angular momentum, 

J, L, S, l p , l\ are the corresponding quantum numbers, 

L is the sum L = l p + l\, 

I is the isospin having components Ik, 

I the isospin quantum number, 

S is the strangeness, Y the hypercharge, 

T = (bb) stands for the bottomonium family, 

P is the parity, Q the charge, +e is the unit charge, 

N(xxx) represents a nucleon N with mass xxx, 

N = n p + ti\ is the radial number, 

N gives the band number, 

p, n represent proton and neutron, 

u, d are light quarks, q = u, d, s include strangeness, 

Q = c,b are heavy quarks, 

M Pt „ are proton and neutron mass, 

K p ^„ their anomalous magnetic moments, 

a, a s are the electromagnetic and strong couplings. 



F. Outline 



thcr work are made. 



II. HEAVY-QUARK BARYONS 



Wi th the discovery of the J particle (lAubert et~al\ , 
119741) at BNL and , of the ib (|Augustin et all , \197 4 and 
ib' (jAbrams et all Il974h at Stanford and their inter- 
pretation as (cc) bou nd states, and w i th th e discovery 
of charmed mesons ( Goldhaber et all [l976), charmed 
baryons had of course to exi st as well, and their 
properties wer e pred icted early ( De Ruiula et all Il975t 
iGaillard et all Il975[ ). Experimental evidence for the 
first charmed baryon was reported at BNL in the reac- 
tion t/ u jp — > /x ~ A7r + 7 r + 7r + 7r~ with A decaying into pir~ 
( Cazzoli et all Il975f ). None of the n + could be inter- 
preted as K + and no ir + ir~ pair formed a K°, hence the 
event could signal either violation of the AS = AQ rule, 
or be due to production of a baryon with charm. Now 
we know that a X+ + was produced. 

At present, 34 charmed baryons and 7 beauty baryons 
are known. For most of them, spin and parity have not 
been measured; for some states the quantum numbers 
can be deduced from their decay modes or by comparison 
of measured masses with the expectatio n from quark- 
models, in particular ( Copley et all fl979t ) . 

The study of charmed baryons is mostly pursued by 
searching for resonances which decay into A+ plus one 
(or more) pion(s). The momenta of the - comparatively 
slow - pions can be measured with high precision. Hence 
the best precision is obtained for the mass difference to 
the A+. The A+ is sometimes reconstructed from up 
to 15 different decay modes. In other cases, the most 
prominent and well measurable modes A+ — -> pK and 
A+ — > pK~ir + are sufficient to obtain a significant signal. 
The study of charmed baryons was often a by-product: 
the main aim of the experiments at Cornell, SLAC or 
KEK was the study of CP violation in B decays from 
T(4S*) and, perhaps, the study of the T family. Charmed 
baryons are then produced in the e + e 
and in B decays. 



qq continuum 



Exciting new results have been obtained for heavy 
baryons containing a charmed or a bottom quark. The 
results are reviewed in section [TXJ Most information on 
light-quark baryons stems from it N or KN elastic or 
charge exchange scattering but new information is now 
added from photo- and electro-production experiments. 
The progress is discussed in section IITII Section |IV] pro- 
vides a framework within which baryon excitations can 
be discussed and gives an outline of current theoretical 
ideas. The rich spectrum of light baryon resonances re- 
veals symmetries and a mass pattern. Based on these ob- 
servation, a tentative interpretation of the baryon spec- 
trum is offered. In the summary (|VJ). conclusions are 
given to what extent the new experiments have con- 
tributed to baryon spectroscopy and suggestions for fur- 



A. The life time of charmed particles 

Weak interaction physics is not covered in this review. 
However, the finite lifetime of hadrons with heavy flavors 
plays an important role in their experimental identifica- 
tion. In Table|T]arc summarized the measured lifetimes of 
flavored mesons and baryons. The precision is truncated 
to 100 kcV. 

Comments are in order: 

• While the lifetimes of particles carrying a b 
quark are very similar, this is not the case with 
strangeness, where more than a factor of 3 is 
observed from the most stable hyperon to the 
shortest-lived. 
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TABLE I Lif e time of flavored mesons and baryons (in s) TABLE II M a sses ( in MeV) of heavy baryons quoted from 
( Amsler et all l2008f). Lifetimes of and £1^ , see also (jAmsler et all l2008h except for Ej, and Qb (see text). The 
( Aaltonen et al .I, l2009l ). isospin of A^/E^(2765) (two faint entries) is not known. 
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The differences are even more pronounced for 
charmed baryons. When the difference between the 
charged and the neutral Z?-meson lifetime was dis- 
covered, this was a striking surprise, and it took 
some time to realize that besides the simplest mech- 
anism, where the c quark emits a virtual W boson 
which dissociates into a lcpton pair or a quark- 
antiquark pair, there are diagrams in which the 
W is exchanged. This is, however, permitted for 
D° and D s but forbidden for D ± . The lifetime is 
also influenced by interferences. If c — ► s + W + — > 
s + u + d, for instance, initiates some hadronic de- 
cay, this d should antisymmctrize with the d of D° , 
an effect that does not exist for D + . In principle, 
a fusion mechanism such asc + ss-u + d should 
also contribute to the D s decay. 
The analysis was then extend ed to charmed 
baryo ns, with predic tions by jGuberina et al 



19861) 



see. 



Guberina et al. 



also ( Fleck and Richard! 
I2000D . Some effects 



1990; 



are 

of mesons, 



en- 
for 



hanced with respect to the case 
instance the role of antisymmctrization. The fusion 
mechanism, on the other hand, is suppressed as 
requiring an antiquark from the sea. The trend of 
the predicted hierarchy is well reproduced by the 
experimental data, but the observed differences 
are even more pronounced. 

ft would be particularly interesting to measure 
the lifetime of double-charm baryons, or heavier 
baryons with triple charm, or with charm and 
beauty. Another effect should be taken into ac- 
count, that of the deep binding of the heavy quarks. 
This is already discussed for the B c meson with 
quark content (be). 

At COMPASS, LHC, PANDA, or at a second gen- 
eration of £?-factories, there is the possibility to 
search for weak decays of S cc (3520) + and S+ + 



double charmed b aryons into charmless final states 
( Liu et all . 120081 ). Such decays could signal new 
physics. 

The lifetimes of charmed particles are just suffi- 
ciently long to identify them by a decay vertex sep- 
arated from the interaction vertex. For as 1, 
the lifetime of S-mesons leads to a separation of 
500/im. Precise vertexing is therefore a major ex- 
perimental requirement. 



B. Summary of heavy baryons 

The masses of heavy baryons known so far are sum- 
marized in Table [Til an account of their discoveries and 
the most recent experimental results is given below. For 
most resonances, the quantum numbers have not been 
measured, except for A c (2593) + with J p = l/2~ and 
A+(2880) for which J p = 5/2+ is suggested. The quan- 
tum numbers of the lowest-mass states are deduced from 
the quark model. 
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FIG. 1 Mass gap from the respective ground states to the 
lowest excitation with J p = 5/2 + . 
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FIG. 2 Excitation spectrum of A, AJ, and H c . Between 
A 3 / 2 -(1690) and A 5//2 +(1690) there are two further states 
which are omitted for clarity. The quantum num ber as- 
signments of A c , and H c follow (jAmsler et all [2008), those 
with question marked are our tentative assignments. The 



A e (2880), marke d ?? 
(|Abe et al.l . l2007n . 



is suggested to have J 



5/2^ 



Figure Q] shows the flavor dependence of the mass dif- 
ference between J p = 5/2+ and ground states. The mass 
gap between A+(2880) and A+ is smaller than that of 
light-quark baryons. To test this conjecture we compare 
the spectrum of all observed A+ baryons with their light- 
quark analogue states. 

In Fig. [21 the excitation spectra of A, A+, and S c are 
compared. In the three lowest states, the light quark pair 
has spin 0. In the S c spectrum, there are two additional 
states, the "E! c with spin 1/2 and S c (2645) with spin 3/2, 
in which the light quark pair has spin 1. These are for- 
bidden for the isoscalar A and A+. Above these states, 
a doublet of negative-parity states are the lowest excita- 
tions with fully antisymmetric wave functions. In the A 
spectrum, the Roper-like A 1 / 2 +(1600) follows, and then 
a doublet - Ax/ 2 - (1670) and A 3 / 2 - (1690) - and a triplet 
- A 1/2 - (1800), A 3 / 2 -(xxx), and A 5/2 -(1830) - of nega- 
tive parity states. The A 1 / 2 + (1810), not shown in Fig. [51 
might be the analogue of A r 1 / 2 +(1710) and A 1 / 2 +(1750). 

Far above, a spin doublet A 3 / 2 +(1890) and A 5 / 2 + (1820) 
is known. It is very tempting to assign l/2 + quantum 
numbers to the isolated states in all three spectra, fol- 
lowed by a doublet of negative-parity states. This sce- 
nario is, however, ruled out by the 5/2 + assignment to 
A+(2880). We urge that the quantum number measure- 
ment should be repeated; below we present arguments 
why the 5/2 + assignment is unlikely. Quite in gen- 
eral, the determination of the quantum numbers of heavy 
baryons remains an important task for the future. 



C. Major experiments in heavy-baryon spectroscopy 

A large fraction of our knowledge of charmed baryons 
presented in Table [Til comes from the CLEO detector at 
the intersecting storage ring CESR. The CLEO detec- 
tor was upgraded continuously. It consisted of a four- 
layer silicon-strip vertex detector, a wire drift chamber 
and a particle identification system based on Chercnkov 
ring imaging, time-of-flight counters, a 7800-element 
Csl electromagnetic calorimeter, a 1.5 T superconducting 
solenoid, iron for flux return and muon identifica tion, and 
muon chambers (|KoppI . 119961 : IViehhauserl . I2000T) . The in- 
tegrated luminosity on the T(45) resonance accumulated 
in the years 1999-2003 was 16 fb -1 . 

Of course, the J3-factories have reached a much higher 
luminosity; BaBaR and BELLE 700 fb" 1 both collected 
about 1300 fb -1 . The data shown below are mostly based 
on a fraction of the data. Both S-factories operated 
mostly at the peak cross section for formation of the 
T(4S*), at 10.58 GeV, with energies of the colliding elec- 
tron and positron beam of 9 (8) GeV and 3.1 (3.5) GeV, 
for BaBaR (BELLE) respectively, resulting in a Lorentz 
boost of the center of mass of f3 = 0.55 (0.425). 

Th e inner part of the BaBaR detector ()Aubert et all 
|2002| ) includes tracking, particle identification and elec- 
tromagnetic calorimetry. It is surrounded by a supercon- 
ductive solenoid providing a magnetic field of 1.5 T. The 
tracking system is composed of a Silicon Vertex Tracker 
and a drift chamber. A 40-layer drift chamber is used to 
measure particle momenta and the ionization loss dE/dx. 
Particle identification is provided by the dE/dx measure- 
ment and a ring-imaging detector. The electromagnetic 
calorimeter is a finely segmented array of CsI(Tl) crystals 
with energy resolution of <r E /E « 2.3% • iT 1 / 4 + 1.9% 
(E in GeV). The iron return yoke is instrumented with 
resistive plate chambers and limited streamer tubes for 
detection of muons and neutral hadrons. 

Tracking, ident ification and calorimetric systems of the 
BELLE detector (jliiima and Prebvsl . [2000h at KEKB are 
placed inside a 1.5 T superconducting solenoid magnet. 
Tracking and vertex measurements are provided by a sil- 
icon vertex detector and a central drift chamber. The 
central drift chamber has 50 layers of anode wires for 
tracking and dE/dx measurements. Particle identifica- 
tion is achieved using the central drift chamber, time 
of flight counters, and aerogel Cherenkov counters. The 
electromagnetic calorimeter consists of CsI(Tl) crystals 
of projective geometry. The flux return is instrumented 
with 14 layers of resistive plate chambers for muon iden- 
tification and detection of neutral hadrons. 

We will mention results obtained by the ARGUS and 
SELEX collaborations without introducing the detec- 
tors here and refer the read er interested in their per- 
formance to two report s by (jAlbrecht et all Il989h and 
( Engelfried et all Il998l) . Also some early bubble cham- 
ber results and results from the CERN ISR and SPS will 
be mentioned. At Fermilab, the photoproduction exper- 
iments E687, E691, E791 and Focus and SELEX using 
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a hadron beam produced interesting results on charmed 
baryons. 

So far, only a few baryons with beauty have been 
discovered. The energy of the i?-factories operating at 
the T(45) is obviously not sufficient to produce beauty 
baryons. These are however produced abundantly by the 
Tcvatron at Fcrmilab, in which antiprotons and protons 
collide at 1.96 TcV center-of-mass energy. Two major 
experiments, CDF and DO, exploit the physics; the dis- 
covery of the top quark, the measurement of its mass to 
a precision of nearly 1%, and the study of B s oscillations 
belong to the highlights of the Tevatron results. Earlier 
important results on beauty baryons were achieved at the 
CERN ISR and at LEP 

The CDF detector (jAcosta et all l2005h consists of 
multiple layers of silicon micro-strip detectors, providing 
for a precise measurement of a track's impact parameter 
with respect to the primary vertex, and a large open- 
cell drift chamber enclosed in a 1.4 T superconducting 
solenoid, which in turn is surrounded by calorimeters. 
The electromagnetic calorimeters use lead-scintillator 
sampling, the hadron calorimeters iron-scintillator sam- 
pling. 

The inner tracking of D0 (|Abazov et aLl . l2006f) is com- 
posed of a silicon microstrip tracker for vertexing and a 
central fiber tracker, both located within a 2 T supercon- 
ducting solcnoidal magnet. Calorimctry relics on liquid- 
argon and uranium detectors. An outer muon system 
consists of a layer of tracking detectors and scintillation 
trigger counters in front of and behind 1.8 1 iron toroids. 



D. Charmed baryons 

1. The A c states 

a. A+: The first observation of a charmed baryon, of 
A+, was reported t wo years after the J/tjj discovery 
(|Knapp et all Il976l) . Now, A+ is the best known 
charmed baryon. Due to its high mass, it has a 
large number of decay modes. Among these, A+ — > 
pKir, pKirir and Air + ir, A7r + 7T7r have the largest decay 
fractions, summing up to about 20%. The most precise 
mass measurement was m ade by the BaBaR collabora- 
tion (|Aubert et all l2005f ) finding 



M Ac = 2286.46 ±0. 14 MeV. 



(3) 



The lifetime was measured by E687, CLEO, Focus, and 
SELEX. The lifetimes of all heavy baryons stable against 
hadronic decays are collected in Table HI 

b. A c (2593)+ and A c (2625) + : The A c (2625)+ was discov- 
ered by the ARGUS collab oration at the e + e~ storage 
ring DORIS II at DESY (lAlbrecht et all Il993l) . Fig- 



ure [3] shows the A+7t + 7t invariant mass distribution 



with increased statistics ( Albrecht et all [l997f ) in which 
the A c (2593) + is observed as well. The l a tter s tate was 
first observed by CLEO (|Edwards et all Il995l ). Table 




FIG. 3 The AJ" 7T ix~ invariant mass distribution after a cut 
on the A+ (reconstruct ed from five decay m odes) and using 
side bins (dashed line) (| Albrecht et ffll.l . ll997h . 



TABLE III Mass and width of the A c (2593)+ and A c (2625)" 
measured at CLEO, BaBaR and BELLE. 







M, MeV/c 2 


T, MeV/c 2 


ARGUS 


A c (2593) 


2596.3 ±0.9 ±0.6 


9 q+2.9+1.8 
Z - M -2.1-1.4 


CLEO 


A c (2593) 


2594.0 ±0.4 ±1.0 


o q+1. 4+2.0 
■ J,3 -l. 2-1.0 


E687 


Ac (2593) 


2581.2 ±0.2 ±0.4 




ARGUS 


A c (2625) 


2628.5 ±0.5 ±0.5 


< 3.2 


CLEO 


Ac (2625) 


2629.5 ±0.2 ±0.5 


< 1.9 


E687 


Ac (2625) 


2627.7 ±0.6 ±0.3 





IIIII compares the resu lts on both s tates from the ARGU S 
(|Albrecht era71ll997l). t he C LEO (lEdwards et all , 1 19951) , 
and the E687 (|Frabetti et all ll994Ul996l ) collaborations. 

The A c (2593)+ decays with a large fraction (>70%) 
via £ c 7r; the small phase space favors vanishing orbital 
angular momentum. The S c is the lowest mass charmed 
isovector state and is thus expected to have J p = l/2 + . 
Then, J p = 1/2- follows for the A c (2593)+. Most likely, 
the A c (2625) + is its J p = 3/2 _ companion and the two 
states correspond to A 1 / 2 -(1405) and A 3 / 2 -(1520). See 
section ITV.FI for further discussion. 



c. A c (2765)+ (or E c (2765) + j, A c (2880)+ and A c (2940) + : 
The CLEO Collabo ration reported tw o peaks in the 



final state (jArtuso et all l200ll ) which could be 
A+ or excitations. One of them is found 480 MeV 
above the A+ baryon and is rather broad, T ss 50 MeV; 
the other one is narrow, T < 8 MeV, and its mass lies 
596 ± 1 ± 2 MeV above the A+. 

The BaBaR Collaboration observed two peaks 
in th e D°p invariant mass distribution (see 
Fig. [J) (|Aubert et aLl . l2007t) . It is the first observation of 
a heavy baryon disintegration into a heavy-quark meson 
and a light-quark baryon. Due to the kinematics, the 
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2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 

D° p Invariant Mass (GeV/c 2 ) 

FIG. 4 Invariant mas s distr ibution for D°p candidates at 
BaBaR l|Aubert et aZll2007h . Also shown are the contribu- 
tions from D° sidebands (grey) and wrong-sign combinations 
(open dots). 

larger part of the released energy is carried away by the 
baryon. The D + p final state shows no peaks; thus the 
isospin of the heavy baryon must be zero which iden- 
tifies the peaks as A c (2880)+ and A c (2940)+ (and not 
belonging to the £+ series). The former one coincide s 
with the narrow state observed by (jArtuso et all l200lh , 
called A c (2880)+. 

The BELLE Collaboration confirmed the A c (2940)+ 
in A+7r+7r~. The decay proceeds via formation of 
E r (24 55)++ or E f .(2455 )° resonances in the intermediate 
state (lAbe et nil l2007h . The A c (2880)+ and A c (2940)+ 
mass and width measured by BaBaR and BELLE arc 
consistent (see Table HVf . 

TABLE IV Mass and width o f the A e (28 80) and 

A c (2940) measured a t CLE O (|Artuso et all 120011) 
BaB aR (jAuBERT et all 120071 ) and BELLE (|Abe etaR 
120071 ). 



M, MeV/c 2 


T, MeV/c 2 


CLEO A c (2880) 2882.5 ± 1 ± 2 


< 8 


BaBaR A c (2880) 2881.9 ±0.1 ±0.5 


5.8 ± 1.5 ± 1.1 


BELLE A c (2880) 2881.2 ± 0.2 ± 0.4 


5.8±0.7± 1.1 


BaBaR A c (2940) 2939.8 ± 1.3 ± 1.0 


17.5 ± 5.2 ± 5.9 


BELLE A c (2940) 2938.0 ± l-3±|;g 


,0+8+27 
±J -5- 7 



The two sequential decay modes improve the sensi- 
tivity to study the quantum nu mbers of the resonance. 
As shown in (jAbe et all 120071 ). the angular distribu- 
tion of the A c (2880)+ -> E c (2455)tt decay favors high 
spin and is compatible with J = 5/2 (see Fig. [5]). 
The experimental ratio of the A c (2880)+ partial widths 
r[E c (2520)7r]/r[E c (2455)7r] = 0.23 ± 0.06 ± 0.03 is cal- 
culated in the framework of heavy-quark symmetry to 
be 1.45 for J p = 5/2" and 0.23 for J p = 5/2+ 
(|Cheng and Chual . 120071 : llsgur and Wise! Il99lh . Thus 
the spin-parity assignment 5/2+ is favored over 5/2 ~. 
Note that this assignment requires angular momentum 



01 
o 



-1 -0.5 O 0.5 1 

COS 6 

FIG. 5 The yield of A c (2880) + -> E c (2455)°7r+ and 
E c (2455)++7r _ decays as a function of the helicity angle. The 
fits correspond to A c (2880) + spin hypotheses J = 1/2 (dot- 
ted line), 3/2 (da shed curve), 5/2 (solid curve), respectively 
(|Abe et aUl2007h . 



L = 3 between E c (2455) and n at a decay momen- 
tum 370MeV/c while L = 1 is sufficient for the sup- 
pressed E c (2520)7r decay mode. The D°p decay mode 
of A c (2880)+ poses a further problem. Again. L = 3 
is required for J p = 5/2+, now at 320 MeV decay mo- 
mentum. When J p = l/2~ is assigned to A c (2880) + , 
the E c (2455)7r and D°p decay mode proceed via S-wave 
while the suppressed £ c (2520)7r decay requires D-wave. 

Based on the spin-parity assignment 5/2+ for the 
A e (2880)+ and on th e Mas s Load Flux Tube Model 
( LaCourse and Olssonl . Il988h . ;he scries of A+ states 
in the first line of Table |TT] is suggested to have quan- 
tum numbers 1/2+ 1/2", 3/2", 3/2+, 5/2+, and 5/2" 
( Cheng et all I2009T ) . The spin-parity assignment 5/2+ 
for the A c (2880)+ is constitutive for this interpretation 



of the spectrum. 

Finally we notice that the mass of the A c (2940)+ is at 
the D*p threshold, a fact whi ch invites i nterp retations of 
this state as a D*p molecule ( He et al\ , l2007f ). 



2. The E c states 

a. E c (2455) and E c (2520): These two states have been 
observed in a large number of experiments; here we show 
only the results of the most recent publication of the 
CLEO collaboration. E+ an d £*+ were observed in their 

20011). and E:++ and £* 



A+7T decay (jAmmar et al 



the ir decay into A+7T + (|Athar et all 120051) . The data 
of (lAthar et all I2005D cover the e+e energy range 9.4 
to 11.5 GeV while ( Ammar et aLl . l200ll ) used data at the 
T(4S'). But B decays were suppressed by kinematic cuts 
and in both cases, the E* baryons arc likely produced 
from the e+e~ — > qq continuum. Figure [5] shows the 
momentum of pions recoiling against the A+ which de- 
fines the mass gap between E c or E* and A+. From the 
angular distribution of the B~ — > E c (2455)°p decays, 
the spin of the E e (2455) ° baryon is determined to be 
1/2 (jAubert et all l2008bh while the E c (2520) quantum 
numbers J p = 3/2+ are quark-model assignments. The 
numerical results on masses and widths are reproduced 
in Table IVl 
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TABLE V Mass and width of the E c (2455) and E c (2520) 
measured at CLEO. 



M, MeV/c 2 



T, MeV/c 2 



S c (2455) M(E+ + ) - M(A+) 167.4 ± 0.1 ± 0.2 2.3 ± 0.2 ± 0.3 

M(S+) - M(A+) 166.4 ±0.2 ±0.3 < 4.6 

M(E°) - M(A+) 167.2 ± 0.1 ± 0.2 2.5 ± 0.2 ± 0.3 

E c (2520) M(S*++) - M(A+) 231.5 ± 0.4 ± 0.3 14.4±i;f ± 1.4 

M(S*+) - M(A+) 231.0 ± 1.1 ± 2.0 < 17 

M(S*°) — M (A+) 231.4 ±0.5 ±0.3 16.6±^ ± 1.4 



TABLE VI Mass and width of the E c (2800) measured at 
CLEO. 



M, MeV/c 2 



T, MeV/c 2 



S c (2800) M(£ c (2800)++) - M(A+) 514.5l|'jl^ 



75; 



-18+12 
-13-11 



505.4±|;* 



M(S C (2800) + ) - M(A+) 

M(£ c (2800)°) - M(A+) 515.4±|;^ 61 +i8+22 




2.2 2.3 2.4 2.5 2.6 2. 

Invariant Mass(GeV/c Z ) 



Mass (E 7)- Mass (S ) (GeV/c ) 



FIG. 7 Left: (a) Summed invariant mass distributions for 
H~7r + 7r + and E°7r + 7r° combinations with x p > 0.5 and 
0.6, respectively, and (b) for E~7r + , H _ 7r + 7r°, Q~ K + , and 
H°7T + 7r _ combinations. Right: Invariant mass difference 
AM(Hc7 — H c ) distributions for EI7 and Hc7, where contri- 
butions from the different 5 e dec ay modes have been summed 
in each case (|Jessop et aUll999r i. 



3. The H c states 



b. E c (2800)+.- The BELLE Collaboration observed an 
isotriplet of charmed b aryons decaying to the A+7r fi- 
nal state at 2800 MeV (jMizuk et all 120051 ). An addi- 
tional peak at AM ~ 0.42GeV/c 2 , visible in the A+tt+ 
and A+7T - invariant mass distributions, was identified 
as a reflection from the A c (2880)+ -> £ c (2455)tt -> 
A+7r + 7r _ decays. The parameters of all isospin part- 
ners are consistent (see Table IVT], . Based on the mass 
and wi dth, the 3/2~ assign me nt for these states was pro- 
posed (jMizuk et all 120051 ). (|Aubert et all l2008bh ob- 
serve the state at (2846 ± 8 ± 10) MeV and with a width 
of (86l:f 2 ± 12 ) MeV - 



0990570-010 




FIG. 6 Mass difference spe ctrum, M(A+tt°) - M(A+) from 
CLEO (|Ammar et all l200lf ). The solid line fit is to a third- 
order polynomial background shape and two P-wave Breit- 
Wigner functions smeared by Gaussian resolution functions 
for the two signal shapes. The dashed line shows the back- 
ground function. 



a. 5 C and H c : The was discovered by i Biagi et all 
Il983l ) at the CERN SPS hyperon beam in S" nucleon 
collisions, £~ ±Be — > (AK~ir + ir + ) + X, its isospin part - 
ner S° by the CLEO collaboration (jAverv et all Il989h 
through its decay to E~ir + . Both states were studied in 
different production and decay modes. The PDG quotes 



-0 



M = 2467.9 ± 0.4 MeV, r 
M = 2471.0 ± 0.4 MeV, r 



442 ± 26 fs, 
11218 fe. 



(4) 



The H c (2645): The spin wave- function of the 
isospin doublet 5+, and 2° contains a pair of light quarks, 
[su] and [sd], mostly in a spin S = state. There should 
exist a second doublet in which the light quark pair is 
mostly in spin triplet S = 1. This pair is denoted H°' +/ . 

The latter t wo states were dis covered by the CLEO 
collaboration ( Jessop et all Il999t ). In a first step, the 
two ground-state S c baryons were reconstructed using 
several decay modes (see Fig. [7]). The ground-state S c 
baryons were observed jointly with a low-energetic pho- 
ton. The Hi 7 and H°7 invariant masses show signals 
which were interpreted as the missing EJ' partners of 
the ground state Hi' baryons. The mass differences 
M(Hl') - M(Hl) and M(E°/) - M(H°) were measured 
to be 107.8 ± 1.7 ± 2.5 and 107.0 ± 1.4 ± 2.5 MeV/c 2 , 
respectively. 

BaBaR confirmed the existence of the E£ and found 
that the rate of "El c production over E c is about 18% in the 
e + e~ continuum but about 1/3 in B decays. The angu- 
lar distribution of S' c — > H c 7 decays was found to be con- 
sistent with the prediction for J p = l/2 + even though 
higher spins cannot yet be ruled out (jAubert et all 
l2006dl) . Belle determined the E c (2645) + mass to be 
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TABLE VII Mass and width of the H c (2790) and H c (2815) 
measured at CLEO. 







M, MeV/c 2 


T, MeV/c 2 


H c (2790) 


M(B° 7 tt+) - 


-Af(B°) 318.2 ± 1.3 ±2.9 


< 15 




M(S + 7 7T-)- 


-M(S£) 324.0 ± 1.3 ± 3.0 


< 12 


£ c (2815) 


M(S°7r+7r-) 


-M(E°) 347.2 ±0.7 ±2.0 


< 6.5 




M(H+7r+7r-) 


- M(~ + ) 348.6 ± 0.6 ± 1.0 


< 3.5 



2645.6 ± 0.2 ±°^ and the 5 r (26 45)° 2645.7 ±0.2: 



spectively ( Lesniak et all l2008h . 



■0.6 
0.7' 



b. E c (2790) and H c (2815): In (|Csorna et all l200lh . de- 
cays of 2 C resonances to 'El c plus a pion were observed. 
Mass differences for the two states to the S+'° ground 
states are given in Table I VIII The precision for the 
S c (2815) mass was improved by (|Lesniak et aLl . 120081 ) to 
2817.0± 1.2±g;| and 2820.4± 1.4±?;^ for the neutral and 
charged state, respectively. These observations comple- 
ment an earlier observa tion of the CLEO collaboration 
( Alexander et all |T999) in which a doublet of H c reso- 
nances was observed, one decaying into S+7T+7T - via an 
intermediate S*°, and its isospin partner decaying into 
S°7r + 7r~ via an intermediate S*+. Mass differences and 
widths are again collected in Table IvTlI These resonances 
are interpreted as the J p = 1/2 and 3/2" E c par- 
ticles, the charmed-strange analogues of the A+(2593) 
and A+(2625), or of the light-quark A 1/2 -(1405) and 
A 3/2 -(1520) pair. 

c. H c (2980) and H c (3080): The BELLE Collaboration ob- 
served two new S c states, the 5,- (29 80) and S r (3080), de - 
caying to A+R--K+ and A+A^tt" (jChistov et alL\200&) , 
see Fig. [5^,,b. In contrast to other S c decay modes, 
the c and s quark separate, thus forming a charmed 
baryon and a strange meson. (Likewise, decays into 
AD + are allowed above 3 GeV and could be searched 
for.) The broader of the two states was measured to 
have a mass of 2978.5 ± 2.1 ± 2.0 MeV/c 2 and a width of 
43.5 ± 7.5 ± 7.0 MeV/c 2 . The mass and width of the nar- 
row state are measured to be 3076.7 ± 0.9 ± 0.5 MeV/c 2 
and 6.2±1.2±0.8 MeV/c 2 , respectively. A search for the 
isospin partner decaying into A^Kgir~ yielded evidence 
for a signal at the mass of 3082.8 ± 1.8 ± 1.5 MeV/c 2 ; the 
broader low-mass baryon is just visible. 

The BaBaR Collaboration c onfirmed obse r vations 
of the S c (2980) and S c (3080) (jAubert et all l2006al ) 
by studying the A+K° s , A+K~, A+K~Tr + , A+K° s n-, 
A+A^7r _ 7r+, and A+ K~ir + ir~ mass distributions (see 
Fig. Hfc). In addition, BaBaR stud ied the resonant struc - 
ture of the A+A'~7r+ final state (jAubert et all [2008a[ ) . 
see Fig. [Hp!. The S c (3080) was found to decay through 
the intermediate S c (2455) and £ c (2520) states, with 
roughly equal probability. The S c (2980) was found to de- 
cay through the intermediate £ c (2455) K; the E C (2455)A" 
mass distribution show an additional signal establishing 




M(a; kV) (GsWo 2 ) 



M(A^KV) (GeV/c") 



FIG. 8 (a) M(A +A-7r+) and (b) M (A+K^-) distribu- 
tion at BELLE (jchistov et all I2006D . (c) The A+K~-k + 
invariant mass distribution for A/(A+7r+) consistent with 
the S e ( 2455) and (d ) with the E e (2520), measured at 
BaBaR (|Aubert et aUl2006al . 120083 ). 



TABLE VIII Mass and width of the 5^(2790 ) and H c (2815) 
measured at CLEO (|Chistov et all 12006] ) and BaBaR 
(|Aubert et al.l,l2008al ). 







M, MeV/c 2 


T, MeV/c 2 


BELLE 


S c (2980) + 


2978.5 ± 2.1 ± 2.0 


43.5 ±7.5 ±7.0 


BaBaR 


~ c (2980) + 


2969.3 ± 2.2 ± 1.7 


27 ± 8 ± 2 


BaBaR 


S c (3055) + 


3054.2 ±1.2 ±0.5 


17±6± 11 


BELLE 


E c (2980)° 


2977.1 ±8.8 ±3.5 


43.5 (fixed) 


BaBaR 


~ c (2980)° 


2972.9 ± 4.4 ± 1.6 


31 ± 7± 8 


BELLE 


H c (3080) + 


3076.7 ±0.9 ±0.5 


6.2 ± 1.2 ±0.8 


BaBaR 


~ c (3080)+ 


3077.0 ± 0.4 ± 0.2 


5.5 ± 1.3 ±0.6 


BELLE 


3 C (3080)° 


3082.8 ± 1.8 ± 1.5 


5.2 ± 3.1 ± 1.8 


BaBaR 


H c (3080)° 


3079.3 ± 1.1 ±0.2 


5.9 ± 2.3 ± 1.5 


BaBaR 


H c (3123) + 


3122.9 ±1.3 ±0.3 


4.4 ± 3.4 ± 1.7 



^, c (3055)+. The £ C (2455)AT mass distribution shows evi- 
dence for S c (2980) as strong threshold enhancement, for 
S c (3080) and for a third signal at S c (3123). The BELLE 
and BaBaR parameters for the new S c states are sum- 
marized in Table IVlTTI 

Based on their mass and width, the S c (3080) state 
is proposed to be a strange partner of the spin-parity 
J p = 5/2+ A c (2880)+ resona nce, while the S r (2980 
should have J p = 1/2+ or 3/2+ dCheng and Chu"a).l20a 
lEbert et all , l2008t iGareilazo et all l2007t iRosnerl . l2007h 



4. The Q c states 

a. Q. c : The discovery of the Q c (= csd) marked a mile- 
stone; it completed the number of stable single-charmed 
baryons. The first evidence for it was reported in 
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GeV/c z 



FIG. 9 The invariant mass distributions of candidates, 
with fij! reconstructed in various decay modes. The M n o 1 
mass is corrected for the difference between the reconstructed 
fi° mass and the nominal value M™ G . The shaded his- 
tograms represent the mass distribution ex pected from the 
mass sideband of fi*° (|Aubert et al 1, l2006bD . 



(|Biagi et a/.l . ll985l ) and c onfirmed in several e xperiments. 
We quote here its mass (jAmsler et all l2008f) 



Mq c = 2697.5 ± 2.6 MeV. 



(5) 



The fl c lifetime (see Table IJ) was measured by the 
WA89 collaboration at CERN and, recently, by the FO- 
CUS and SELEX experiments at Fermilab. The SE- 
LEX ( E781) experimen t used 600 GeV/c £-,7r - and p 
beams (jlori et all l2007t ) while WA89 and Focus are pho- 
toproduction experiments. All three experiments recon- 
structed about 75 51° in the $!~7r~7r + 7r + and fl~ir + decay 
modes. 

b. f2* : Recently, an excited f2 c state has been suggested 
by the BaBaR collaboration; it was introduced as fl*. 
It was produced inclusively in the process e + e~ — > Cl*X , 
where X denotes the remainder of the event. The CI* was 
observed in its radiative decay to the Cl c ground state. 
The latter was constructed from one of the Cl c decay se- 
quences 



or 0° -> Z-K-7r + 7r+, H - -> Att" 



(6) 



Figure [5] shows the 17°7 invariant mass after all f2 c de- 
cay modes were added up. A significant enhancement 
(with 5.2 a) is observed above a smooth background. It 
is identified with the J p = 3/2 + excitation of the Cl c 
ground state. Its mass was found to be 70.8 ± 1.5 MeV 
above the ground state. The ob servation was confirmed 
by Belle ( Solovieva et a/J . l2005l ) reporting a mass differ- 
ence to the ground state of (70.7 ± 0.9 +° g ) MeV. 

5. Double-charm baryons 

The SELEX Collaboration reported a statistically sig- 
nificant signal in the A^K~tt + invariant mass distribu- 
tion at 3519 ± 1 MeV, a lifetime of less than 33 fs at 




Q = m(A°jt) - m(A°) - n\ (MeV/c") 

FIG. 10 The invariant mass distributions fo r the A°7r + (top) 
and A °7r~ (bottom) combinations at CDF (|Aaltonen et all 
1200731 ). 



90% confidence level (|Mattson et all I2002I I. and pro- 
duced in a 600 GeV/c charged hyperon beam. Due 
to its decay mode, the signal is assigned to production 
of a doubly charmed baryon, S+ . The state was con- 
firmed by SELEX i n the — > pD + K~ decay mode 
( Ocherashvili et al\ , l2005f ). In spite of intense searches, 
the state failed to b e observed i n the photoproduction 
experiment FOCUS (jRattil . 120031 ) although they observe 
19,500 A+ baryons, compared to 1.650 observed at SE- 
LEX. BaBaR reports « 600 k reconstruct ed Aj~ baryons 
but on ly upper limits for and 5+ + ( Aubert et all 
l2006d) .' Of course, SELEX starts with a hyperon beam 
which may be better suited to produce double-charm 
baryons. But doubts remain concerning the evidence re- 
ported by SELEX. 



The lack of double charm baryons at B-factories is sur- 
prising. In these experiments, double charm production 
is abundant, leading in particular to e + e~ — ► J/ip + X 
and the discovery of the rj' c in the missing-mass spectrum. 
One could thus expect double-charm production should 
hadronize also into baryon-antibaryon pairs, S cc + S cc , 
or S cc + A c + D, etc. In general, baryon production is 
suppressed by one order of magnitude as compared to 
mesons. In J/-0 decays, e.g., events with baryons in the 
final state constitute about 5% of all hadronic decays. 
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TABLE IX Results of the fit. 



m(E+) 
m(E-) 


- m(Ag) 
-m(A°) 


= 188.lt 2 ™ MeV/c 2 
= 195.5 ± 1.0 ± 0.2 MeV/c 2 


m(E*) 


-m(E 6 ) 


= 21.2± 2 ;°t° ;* MeV/c 2 



E. Beautiful baryons 

1. The A;, states 

The A ft was d iscovered early at the CERN ISR 
(iBari et all 1 1991 alibi ) and later reported by several col- 
lab or atio^is^_We_giye_liere only the PDG values for its 
mass (jAmsler et all 120081 ) 



M Ab 



5620.2 ± 1.6 MeV; 



(7) 



its lifetime is given in Table Q] 



2. The Ej, states 

a. E& and Ej*: The E& baryon with J p = 1/2+ and a 
low-mass excitation identified as J p = 3/2 + E * were 



discovered recently at Fermilab (jAaltonen et all l2007at ) 
by the CDF Collaboration in the A%ir + and A%n~ final 
states (see Fig. HU|) . 

The signal region exhibits a clear excess of events even 
though the statistics is not sufficient to determine mass 
and widths of the expected and E£. Therefore the 
M(E*+)-M(E+) and M (E£ _ )-M(Ej-) mass differences 
were assumed to the same and the widths of the Brcit 
Wigncr resonances were fi xed to predict i ons b ased on the 
Heavy Quark Symmetry ( Korner et all Il994) . Both the 
shape and the normalization of the background were de- 
termined from Monte-Carlo simulations. The results of 
the fit are given in Table [TXl The significance of the four- 
peak structure relative to the background-only hypothe- 
sis is 5.2 a (for 7 degrees of freedom). The significance of 
every individual peak is about 3 a. 



3. The H(, states 

a. Hi,: A further baryon with beauty, the 5b, contains 
a b, s, and a d quark and thus a negatively charged 
quark from each family. It was discovered at Fermilab 
(jAaltonen et all l2007ti lAbazov et all . 120071) . Its history 
will be outlined shortly. 



Indirect evidence for the Sr baryon based on an ex- 
cess of same-sign S~ events in jets was observed from 
experiments at the CERN LEP e + e~ collider but no ex- 
clusively measured candidate was reported. The first di- 
rect observation of th e strange b baryon (3jjJ~) was 
achieved at Fermilab (jAbazov et all l2007ri by the D0 
collaboration by reconstruction of the decay sequence 
5^ — > J/ipEr , with J ftp — > fi + fi~ , and S~ — > Att~ — > 
pir~ir~ (Fig. [Ill top). The CDF collaboration reported 
a more precise mass value. Their J/tJjR~ invariant mass 
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FIG. 11 The invariant mass distributions of the J/tj) 5 com- 
binati ons at D0 (top ) (lAbazov et all I2007T ) and CDF (bot- 
tom) (|Aaltonen et ail l2007bfc 



distrib ution exhibits a significant peak (jAaltonen et all 
l2007bJ ) at a mass of 



Ms 



5792.9 ± 2.5 ± 1.7 MeV 



(8) 



which is presented in Fig. 1111 b ottom. The mass and 
number of 5^ event s observed by ( Aaltonen et aUl2007ri 
azov et al. I. I2007D are given in Table [Xj the lifetime in 
Table HI The results of D0 and CDF are consistent. 



4. The Q b 

Figure [T^j (top) shows evidence for the fl^ baryon re- 
ported by the D0 collaboration. It was reconstructed 
from the decay sequence fir — > J/ipCl~, with J/ip — > 
fl~ — > AK~ and A — > pir~ . The signal has a sta- 
tistical snrmfkan£e^xceeding 5tr. Its mass was reported 
to be (jAbazov et all I2008D 



Mn b = 6.165 ± 0.010 ± 0.013 GcV. 



(9) 



It is unexpectedly high, see section [TV. CI Recently, the 
fib has been seen (Fig. [121 bottom) by the CDF collabo- 
ration ( Aaltonen et all 20091 ); their result is 



M n . = 6.054 ± 0.007 ± 0.013 GeV, 



(10) 



closer to most theoretical predictions. For the £l b life- 
time, see Table [H 
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TABLE X The parameters of the H 6 measured by D0 and 
CDF. 





Yield 


Mass, MeV/c 2 Significance 


D0 


15.2 ± 4Atl"i 


5774 ±11 ±15 5.5 a 


CDF 


17.5 ±4.3 


5792.9 ±2.5 ±1.7 7.7a 



DO 
1.3 fb 



Data 
Fit 




(GeV) 




6.1 6.2 6.3 6,4 6.5 6,6 6.7 6.8 

M(J/^-) GeV/c 2 

FIG. 12 Top: D0 data (|Abazov et all I2008T I. The M{Q~) 
distribution of the fir/ candidates after all selection criteria. 
The dotted curve is an unbinned likelihood fit to the model of 
a con stant background plus a Gaussian signal. Bottom: CDF 
data (jAaltonen et qZ.L l2009h . J/^QT mass distribution. 



F. A future at LHC 

The CDF and D0 experiments have demonstrated the 
potential of hadron machines for the discovery of new 
baryon resonances. At LHC, double charmed baryons 
should be pro duced abundantly, a to tal number of 10 9 is 
estimated by (jBerezhnoi et all [1998) , and one may even 
dream of (ccc) baryons. Baryons (and mesons) with b 
quarks and their excitations will also be produced; such 
events should not be thrown away at the trigger level. 



III. LIGHT-QUARK BARYON RESONANCES 

In this section we give a survey of data which have 
been reported in recent years and give an outline of par- 
tial wave analysis methods used to extract the physical 
content from the data. The light-baryon excitation spec- 
trum is discussed. 



A. Pion- (kaon-) nucleon elastic and charge exchange 
scattering 

1. Cross sections 

The dynamical degrees of freedom of three quarks 
bound in a baryon lead to a very rich excitation spec- 
trum. It is obviously impossible to observe them all as 
individual resonances but a sufficiently large number of 
states should be known to identify the proper degrees of 
freedom and their effective interactions. First insight into 
the experimental difficulties can be gained by inspecting, 
in Fig. [T31 the total cross section for elastic tt^ scattering 
off protons. The ir + p cross section is dominated by the 
well-known A 3 / 2 +(1232) resonance. A faint structure ap- 
pears at 1.7 GeV, slightly better visible in the elastic cross 
section, a second bump can be identified at 1.9 to 2 GeV 
in mass, and a small enhancement is seen at 2.4 GeV. 
Above this mass, the spectrum becomes structureless. 
The total cross section for ir~p scattering exhibits three 
distinctive peaks at the A 3 / 2 +(1232), at 1.5 GeV and at 
1.7 GeV; a fourth enhancement at 1.9 GeV is faint, a fur- 
ther peak at 2.2 GeV leads into the continuum. The 
gradual disappearance of the resonant structures suggests 
that at least part of the problem is due to the increasingly 
smaller elastic width of resonances when their masses in- 
crease: more and more inelastic channels open, and the 
resonances decouple from the elastic scattering ampli- 
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FIG. 13 The total and elastic cross sections for it^ scatter- 
ing off protons from http://pdg.lbl.gov/current/xsect/, 
courtesy of the COMPAS group, IHEP, Protvino . 
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FIG. 14 Differential cross section for several different center of 
mass energies. Solid and dashed curves correspond to different 
SAID http://gwdac.phys.gwu.edu/ solutions. 

tude. A second problem arc overlapping resonances and 
their large widths. The peaks in Fig. [T3] may contain 
several resonances. Hence a partial wave decomposition 
is required to determine the amplitudes which contribute 
to a particular energy bin. Very high statistics and po- 
larization data are required to disentangle the different 
partial waves. At present, it is an open issue up to which 
mass baryon resonances can be identified. A second and 
even more exciting question is whether QCD really sup- 
ports the full spectrum of thrcc-quark models. In the 
literature, diquark models are very popular; the experi- 
mental resonance spectrum has features which are easily 
understood assuming quasi-stable diquark configurations 
within a baryon; however, there are also resonances - al- 
beit with one or two star classification - which require 
three quarks to participate in the dynamics. Less fa- 
miliar in this context are two dynamical arguments: an 
extended object has three axes but the object rotates 
only around the two axes having minimal/maximal mo- 
ments of inertia. And, surprisingly, a series of coupled 
resonators with approximately equal resonance frequen- 
cies resonate coherently after some swinging-in period 
even if the oscillators start with random phases and am- 
plitudes. Hence there may be restrictions concerning the 
observable spectrum of baryon resonances. 

2. Angular distributions 

Most of the peaks in Fig. [T5] house several resonances 
with similar masses but different angular momenta. The 
differential cross sections d<r/dil in Fig. [T4l allow for a 
first insight into the dynamics of the scattering process. 

The first striking effect seen from the data is the pref- 
erence for forward angles (6 < 40°) of the scattered pion. 
The preference for forward pion scattering at low ener- 
gies reflects the large role of background processes like 



7T 7T 7T 7T 7T 7T 




FIG. 15 Pion-nucleon scattering: a) s-channel exchange; b) 
i-channel exchange; c) u-channel exchange. 

i-channel exchange with a p meson (or a p Regge trajec- 
tory) transmitting four-momentum from pion to proton. 
Formation of resonances produces a symmetry between 
forward and backward scattering, at least at the ampli- 
tude level; interference between amplitudes can of course 
lead to forward-backward asymmetries. Here, it is useful 
to compare the Clebsch-Gordan coefficients for different 
reactions: 





7T p — > 7T p 


7T p — > TT°n 


s, M-channel N 
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The forward cross section for elastic and charge exchange 
(CEX) have nearly the same size and the interpreta- 
tion of the forward peak is supported. The backward 
peak at 1440 MeV is stronger in elastic than in charge 
exchange scattering suggesting strong isospin 1/2 con- 
tribution in the s-channel (via 7V(1440)Pn formation) 
and/or u-channel nucleon exchange. At W = 1800 MeV, 
there is no CEX forward peak; a complex distribution 
evolves indicating contributions from high-spin s-channel 
resonances. The elastic cross section continues to ex- 
hibit a strong forward peak due to the exchange of 
isoscalar mesons, e.g. of the Pomeron. The three pro- 
cesses s-, t-, and u-channel exchange are visualized in 
Fig. [15] The data were obtained through the Scattering 
Analysis Interactive Dial-in (SAID) online applications 
http://gwdac.phys.gwu.edu/. A beautiful example il- 
lustrating the effect of t- and it-channels exchanges is 
shown in Fig. [16] For forward pions, the four-momentum 
transfer t = —q 2 to the proton is small; a diffractive- 
like decrease of the cross section as a function of t is 
observed. The peak is due to meson exchange in the t- 
channcl, mostly of p and to; in analyses, the exchange is 
reggeized to include higher mass p and ui excitations. The 
slope corresponds to the p/uj mass. For very large (neg- 
ative) t = — 2fc 2 (l — cos 9), u = —2k 2 (l + cos9) becomes 
a small number. The slope is smaller and corresponds to 
the nucleon mass. 

The differential cross sections a are related to the 
transversity scattering amplitudes 

^ = i/ + i 2 + iri 2 (11) 
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which can be decomposed into the nucleon spin-flip am- 
plitude g and the non-flip amplitude h, f + = g + ih, 
f~ = g — ih. The latter amplitudes can be expanded 
into the partial waves 

= p5Z[(i + l)a,+ +ia,-]i5(cos0) (12a) 



h(k,9) = — [a;+ — a/-] sin 6* P/ (cos ( 



(12b) 



where fc is the momentum and 9 the scattering angle 
in the center-of-mass system. The expansion into Leg- 
endre polynomials extends over all angular momenta I, 
the ± sign indicates that the total angular momentum is 
J = I ±1/2. The dimcnsionless partial wave amplitudes 
<i;± = [rji± exp(2i(5;±)]/2i are related to the inelasticities 
iji± and the phase shifts 6i± . 

It is obvious that the two amplitudes cannot be de- 
duced from the differential cross sections alone. Polar- 
ization observables need to be measured. We discuss the 
polarization P and the two spin rotation parameters A 
and R. 



3. Polarization variables 

The polarization variable P can be measured using a 
polarized target. If the proton polarization vector is par- 
allel to the decay-plane normal, there is, at any labo- 
ratory scattering angle 9, a left-right asymmetry of the 
number of scattered pions which defines P. The polariza- 
tion of the scattered proton does not need to be known. 
Thus large data sets exist wher e P was determined , 
from Rutherfo r d (I Cox et all 1 19691). (iMartin et allll975l) . 
dBrown et all |l978|) and from CERN (|Albrow et all 
ll970L 19721 ) . among other places. P constrains the am- 
plitudes but does not yet yield a unique solution: 



po-tot = i/ + i 2 -ir 



(13) 
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FIG. 16 The 7p — > nir + d ifferential cross sectio n as a function 
of -t for = 5.53 GeV dsibirtseyei a/.ll2007l). Th e data are 

111 



from (|Anderson et all 1 19691 . 1 19761 ; IZhu et all 120051 ) 



FIG. 17 Definition of polarization variables (jAlekseev et all 
120061 ). 

Further variables need to be measured. Figure [T71 shows 
the definitions of polarization variables which can be de- 
duced in nN elastic scattering off longitudinally polarized 
protons. The proton is deflected by an angle 9 p in the 
laboratory system. The proton polarization vector now 
has a component P which is perpendicular to the scat- 
tering plane, a component R along its direction of flight, 
and a component A along the third orthogonal direction. 
The components A and P can be measured by scattering 
the recoil proton off a Carbon foil as indicated in Fig.fTTl 
The analyzing power of the 7r Carbon scattering process 
leads to a left-right asymmetry of the proton count rate 
Ap in the scattering plane; analogously, the A a parame- 
ter can be determined by measuring the up-down asym- 
metry of proton count rate. The relation between R, A 
and the scattering amplitudes are given by 



(R + iA) o-tot = f + r exp[- 



%)]■ 



(14) 



The polarization parameters obey the relation 

P 2 + A 2 + R 2 = l. (15) 



As can been seen from eqs. (fTTj) and ((13)) . a mea- 
surement of the differential cross-section and of the po- 
larization P are not sufficient to reconstruct the com- 
plex amplitudes / + and /~ but only their absolute val- 
ues. Recoil polarization data require a secondary inter- 
action of the scattered nucleon . Such experiment s have 



been performed a t Gatchina (lAlekseev et all 119911 11995 



1997 



1987 



20001 |2006ft . at Lo s Alamos (jMokhtari et all 11985 



Seftor et allll989D and a few other laboratories but 
only over a limited energy range. An unbiased energy- 
independent partial wave analysis is therefore not pos- 
sible. Constraints from dispersion relations are neces- 
sary to extract meaningful partial wave amplitudes. For 
baryon masses and widths, the PDG refers mostly to five 
analyses which we call the reference analyses. Other re- 
sults are mostly not used to calculate averages. 

The analyses of the Karlsruhe-Helsinki (KH) and 
Carnegie-Mellon (CM) groups were published in 1979 
and 1980, respectively; still today, they contain the 
largest body of our knowledge on N* and A* as listed 
by the PDG. The Kent group made a systematic study 
of the inelastic reactions ttN — > Nirir. Hendry presented 
data taken on elastic nN scattering at 14 momenta in 
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FIG. 18 Fit to the I = \ Re(T^N !7rN ) and Im{T vN ^ N ) of 
SAID http://gwdac.phys.gwu.edu/. 



the range from 1.6 GcV to lOGeV and extracted res- 
onance contributions. The Virginia Tech Partial- Wave 
Analysis Facility (SAID) (which moved to the George 
Washington University ten years ago) included more and 
more data on ttN scattering, in particular from Gatchina, 
Los Alamos, PSI, and TRIUMF, and publishes regularly 
updated solutions. In a first step, energy-independent 
partial wave amplitudes are constructed, and then en- 
ergy dependent partial-wave fits are performed using a 
coupled-channel Chew-Mandelstam K-matrix. The re- 
sults may not yet satisfy all of the requirements imposed 
by analyticity and crossing symmetry These require- 
ments are then addressed at fixed four-momentum trans- 
fer t by a complete set of fixed-t dispersion relations, 
which arc handled iteratively with the data fitting. Fig- 
ure [T5] shows the reconstructed amplitudes for some par- 
tial waves. 



B. Inelastic pion and kaon nucleon scattering and other 
reactions 



pir°ir 



Inelastic reactions like 7r~p — > mr + Tr~ and ir~p — > 
and similar kaon induced reactions require large 
solid-angle coverage of the detector. The Large Aperture 
Superconducting Solenoid (LASS) spectrometer at SLAC 
was the last experiment having an intense 11 GeV/c kaon 
beam at its dispos al. The main results are reviewed in 
( Aston et aLl .[l990). The experiment had a very signifi- 
cant impact on the spectroscopy of mesons with open or 
hidden strangeness. At that time the focus of the com- 
munity was on glucballs and hybrids, and the LASS data 
were important as reference guide for quarkonium states. 
The data containe d infor mation on strange baryons as 
well (IWright et all Il995h . Lack of interest and short- 
age of manpower prevented an analysis of this unique 
data set. Only evidence for one baryon resonance was 
reported, an £T at 2474 ± 12 MeV mass and 72 ± 33 MeV 



width (|Aston et al.l . ll988f) . in its Qn + Tt decay. 

The absence of appropriate beams and detectors gave 
a long scientific lifetime to results obtained by the use of 
bubble chambers in the sixties and seventieth. The most 
important results were reviewed by ( Manlev et al\ , \l984 ) 



who fitted data and provided amplitudes for the most 
important isobars. At low energies, data were recorded 
by the OM ICRON collaboration at the C ERN synchro- 
cyclotron (iKernel et all Il989allbl Il990h and TRIMF 



and Los Alamos (|Lowe et al. , 199ll ; |Pocanic~e7 HA 11994 
ISevior et q/lll99lf) . 

1. Experiments at BNL 



The Crystal Ball detector has an animated history. 
It started operation in 1978 at SPEAR with stud- 
ies of radiativ e tran sitions between charmonium states 
19861) . 



(|Gaiser et all 119861 ). In 1982 it was moved to DESY 
for spectroscopy of the T fa mily and two-photon physics 
( Bienlein and Blooml , ll98ll ). In the late 90's it was trans- 
ferred to BNL where it was exposed to 7r~ and K~ 
beams, and is presently installed at MAMI for photopro- 
duction experiments (see section ITlI.C|) . The ball consists 
of 672 Nal detectors covering ps 94% of An. The main re- 
sults from BNL will be summarized in this section. 



4. if-nucleon elastic scattering 



Kaon-nucleon scattering remains at a standstill since 
198 0; a survey of achievements up to 1980 was presented 
by (lGopall . ll980h . For this reason, we do not elaborate 
on hyperon spectroscopy in this review. We will just 
mention a few recent results from a low-momentum kaon 
beam at BNL in which differential and total cross sec- 
tions and the induced hyperon polarization have been 
measured. 



a. 7r p — + rnr° and nn: The Crystal Ball collabora- 
tion measured the reaction ~K~p — > nn from threshold 



to 747MeV/c pion momentum (jKozlenko et all l2003t 
iPrakhov etcA , |2005i ) (see Fig. [TO]). Angular distribu- 
tions with nearly full angular coverage were reported for 
seven tt~ momenta. The total cross section datot was 
obtained by integration of da/dQ. The rapid increase 
of the cross section and the rather flat angular distribu- 
tions indicate that N 1 / 2 - (1535) is formed as intermediate 
state. A small quadratic term reveals contributions from 
the Nr) L»-wavc due to N 3/2 - (1520). The effect of the 
77 production-thresho ld can be seen in pio n charge ex- 
change ir~p — > nir 



(jStarostin et all 120051 ) in the form 
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of a small cusp. For the latter reaction, the Crystal Ball 
collaboration measured precise differential cross section 
in the momentum interval p n = 649 — 752MeV/c. The 
cusp is rather weak and not as dramatic as in pion photo- 
production. The A region was studied with full solid an- 
gle co verage using eight different momenta ( Sadler et all . 
\2004 . 



TABLE XI Decay branching ratios to baryon plus rj of spin- 
1/2 negative parity baryons. 



Decay mode 




Fraction 


Decay mode 




Fraction 


N 1/2 - (1535) -> 


N-q 


45-60% 


AT 1/2 _(1650) -> 


N-q 


3-10% 


A 1/2 - (1670) -» 


A/; 


10-25% 


A 1/2 _(1800) -> 


Ail 


not seen 


E 1/2 _(1620) -» 


Er, 


not seen 


E 1/2 -(1750) -> 


Er, 


15-55% 



b. K~p -> Avr , E 7t°, and An: The reaction K~p -> Att° 
was studied in t he m ass range from 1565 to 1600 MeV 
(|01msted et all . 120041) . Differential cross sections and 
induced A polarization were reported for three K~ mo- 
menta. The data were shown to be incompatible with the 
claimed existence of £3/2- (1580), a one-star candidate 
with properties not fitting into expectations based on 
SU(3)f symmetry. An interpretation of the hyperon spec- 
trum including this state is proposed by ( Melde et all . 

Hi). 

Differential distributions and hyperon recoil polariza- 
tion were also reported for the reaction K ~p — > S°7r° 
at eight beam momenta between 514 and 750 MeV/c. 
The (forthcoming) partial wave analysi s could have a sig- 
nifica nt impact on low-mass A states ( Manweiler et all . 
l2008h . 

Particularly intere sting is the reaction K~p — ► An 
(|Manlev et al ], 120021 ). The cross section rises steeply 
from threshold and reaches a maximum of about 1.4 mb 
at W ~ 1.675 GcV/c 2 . The data show a remarkable 
similarity to the SU(3)f flavor-related 7r~p — > pr\ cross 
section. The latter is dominated by A r 1 / 2 _(1535), the 
former by formation of the intermediate A 1 / 2 _(1670) 
state, for which mass and width, respectively, of M = 
1673 ± 2 MeV, T = 23 ± 6 MeV, and an elasticity x = 
0.37 ± 0.07 were measured. The fraction with which 
Ai/ 2 -(1670) decays to An is determined to (16 ± 6)%. 
Resonance parameters and decay modes were found in 
striking agreemen t with the quark-model p redictions of 
Koniuk and Isgur ( Koniuk and Isguilll980al ) but disagree 
with the results of an analysis using a Bcthe-Salpeter 
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FIG. 19 T otal cross secti o n for n~p — > nrj, K~p —* An and 
7P — > pn (|Prakhov et all 120051 ). The later cross section is 
scaled by a factor 137. 




FIG. 20 The total cross sections as functions of the equivalent 
total energy y/s eq , defined as the standard s f or pions and as 
^s eq = \fs — (m s — ma) for incident kaons (jNefkens et all 
120021 ). Circles: a to t{^p — > 7r°7r°n). Triangles: a to t(K~p — > 
7r°7r°A). Crosses: a tot (K-p -> 7r°7r°E ). 



cou pled-channel formalism inc orporating Chiral Symme- 
try (jGarcia-Recio et~cd\ , 120031 ) . The latter analysis finds 
a A77 decay fraction of (68 ± 1)% and an inelasticity of 
(24 ± 1)%. 

In both cases, the branching ratio of A 1 / 2 -(1670) for 
decays into A77 is much larger than that of other res- 
onances. In Table IXII we list the branching ratios of 
negative-parity spin- 1/2 resonances for decays into rj 
mesons. We notice that for Ni/ 2 -, the lower mass state 
(mainly S = 1/2) has a strong coupling the Nn while it is 
smaller by about one-order-of-magnitude for the higher- 
mass state (mainly s = 3/2). The situation is similar for 
A1/2- but opposite for E1/2-. We note that in A]/2_, 
the ud diquark has isospin zero while for X1/2- 1=1. 
The connection is not yet understood. 



c. n~p -> n2n°, K~p -> A27T and to E2tt°: Three re- 
actions leading to 2ir° in the final state were studied ; 
7r~jp — > n27r° from thr e shold t o 750MeV/c (|Craig et all 



120031 : iPrakhov et all . l2004bl) . K~p -> 7r°7r°A and 



K~p -h. 7r°7r S° for p^ -- = 514McV/c to 750MeV/c 
( Prakhov et al ]. l2004alld ). The cross sections for the three 



react ions reveal a few interesting patterns ijNefkens et all . 
I2002D . see Fig. M The cross section for K~p -> A2tt° is 
smaller than that for n~p — > n27r° by a factor 2. A re- 
duction due to strangeness production is not unexpected. 
But the cross section for K~p — > E27r° is much smaller 
than the other ones. This requires a dynamical interpre- 
tation. 

If the reactions would produce a (=/o(600)) at a siz- 
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TABLE XII J/tp and tp' branching ratios for decays into final 
states containing mesons and baryons. 



NNn 

pp7T~*~7T~ 

NNri 
AAr) 
pK~A 

EAtt 



(9.7 ±0.6) 10" 3 

(6.0 ±0.5) 10~ 3 

(4.18 ±0.36) 10- 3 

(0.26 ±0.08) 10~ 3 

(0.9 ±0.2) 10~ 3 

(0.29 ±0.08) 10~ 3 

(0.23 ±0.03) 10~ 3 



(7.6 ±0.6) 10~ 4 
(7.6 ±0.6) 10 -4 
(0.58 ± 0.13) 10" 4 
< 1.2 10~ 4 
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FIG. 21 Dalitz plots of M%„ vs. for J/ tp -> pn n and 

p7r~ invariant mass spectrum 



able rate, one should expect similar cross sections for all 
three reactions. This is not the case; at least the two reac- 
tions ir~p — > ?i27T° and K~p — ► A2tt° must be dominated 
by production of baryon resonances. A partial wave 
analysis of the former data revealed a very large contri- 
bution of Ni / g+£L440) interfering; w ith N 1 / 2 - (1535) and 



3/2- 



(1520) ((Sarantsev et all l2008h where V 1/2+ (1440) 



decays via An and via Na. The broad shoulder in the 
K~p — ► A27T cross section is tentatively interpreted 
as evidence for A 1 / 2 +(1600) decaying via Eg / 2+ (1385)7T° 
as intermediate state (jPrakhov et ~al\, l2004d) . A partial 
wave analysis of the data has not been performed. 

2. Baryon excitations from J/tp and ip' decays 

Baryon resonances can be searched for in final states 
from J/ip and tp' decays into a baryon, an antibaryon 
and at least one meson. In Table IXlTl relevant branch- 
ing fractions are given, demonstrating the discovery po- 
tential of J I ip decays for baryon spectroscopy. In partic- 
ular resonances recoiling against A, E, E 3 / 2 +(1385), 5, 
S 3 / 2 + (1530) are rewarding. In other reactions, there is no 
real means to decide if, e.g., S 1 / 2 -(1750) belongs to an 
SU(3)f octet or decuplct, or if it a mixture. Observation 
of S 1 /2-(1750) recoiling against E and/or E 3 / 2 +(1385) 
in ip' decays would identify its SU(3)f nature. 

As example for the use of J/tp decays in baryon spec- 
troscopy we show in Fig.[2T]the Dalitz plot vs. M 2 V 
for J/tp — > pir~h decays, and the pix~ mass projection 



( Ablikim et all 120061 ). Four pe a ks can be identified. A 
partial wave analysis ( Li et al\ , 120091 ) assigns the first 
peak to AT(1440)Pn with Breit-Wigner mass and width 
of 1358 ± 6 ± 16MeV and 179 ± 26 ± 50MeV; the N* 
peaks at 1500 MeV and 1670 MeV are identified with the 
well known second and third resonance region, and the 
fourth peak is interpreted as a new N* resonance with 
2040t^ ± 25 MeV mass and width of 230 ± 8 ± 52 MeV. 
The fit prefers P13 quantum numbers. 



C. Photoproduction experiments, a survey 

1. Aims of photoproduction experiments 

a. How many baryon resonances are known? Baryon spec- 
troscopy defined by irN clastic scattering is at a bifurca- 
tion point. The listings of the PDG give a large num- 
ber of baryon resonances which were re ported by the 



analy ses of the Karlsruhe-Helsinki gro up (IHohler et 



1979 ) and of the Carnegie-Mellon group (jCutkoskv et al 



19801 ). with star ratings from 1-star to 4-star. In the 



most recent analys is of the George- Washington group 
(lArndt et all 12006?) including a large number of addi- 
tional data sets from pion factories (even though mostly 
at low energy), practically only the 4-star resonances 
are confirmed. A very decisive question is therefore if 
Hohler is right in his critique of the GWU analysis that 
the method used by th e GWU grou p suppresses weak 
higher- mass resonances ( Hohleii 2004). The c o nfirm ation 
of a few resonances found by (IHohler et all I1979D and 
(ICutkoskv et all Il980f ) and questioned by ( Arndt efall , 
12006 ) would already help to give credit to the old analy- 



ses. 



b. How many baryon resonances are expected? Quark 
models predict a very large number of baryon resonances. 
Experimentally, the density of states in the mass region 
above 1.8 GeV is much smaller than expected. A reason 
might be ( Koniuk and Isgurl Il980bh that these missing 
resonances decouple from the ttV channel. Then they 
escape detection in 7rA^ elastic scattering. These reso- 
nances are expected to have no anomalously low helicity 
amplitudes; then they must show up in photoproduction 
of multi-particle final states. 



c. What is the structure of baryon resonances? Electro- 
production of baryon resonances provides additional in- 
formation, inaccessible to TtN scattering. Helicity am- 
plitudes, form factors, (generalized) polarizabilities can 
be extracted. Intense experimental and theoretical ef- 
forts have, e.g., been devoted to determinations of the 
E2/M1 (electric quadruple versus magnetic dipole) and 
C 2 /Mi (longitudinal electric quadruple versus magnetic 
dipole) ratio for the N — > A(1232) transition ampli- 
tud e. For a review of the hadron structure at low Q 2 , 
see (|Drechsel and Walcherl . |2008[) . 
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2. Experimental facilities 

a. Bubble chambers: Very early, in the late 1960s, photo- 
production was studied in bubble chamber e xperiments . 
Resu lts at DESY were su mmarized by (lErbe et all . 
11968ft . those from SLAC by (iBallam et all . Il97l Il973ft ~7 



azimuthal field distribution. Particle trajectories are re- 
constructed, using drift chambers, with a momentum res- 
olution of 0.5% at forward angles. Cherenkov counters, 
time-of- flight scintillators, and electroma gnetic calorime- 
ters p rovide good particle identification ( Mecking et all . 
12003ft . 



b. NINA: The electron synchrotron NINA at Dares- 
bury was used to study photoproduction reactions. 
We quote he r e on l y two of their late publications 
(|Barber et all . Il982l Il984h where references to earlier 
work can be found. 

c. BONN SYNCHROTON: In Bonn, a 2.5 GeV electron 
synchrotron started operation in 1967 and was used for 
photoproduction experiments. The latest publication re- 
ported on production of positive pions at large angles 
( Dannhausen et HH. 1200 lft . The accelerator is now used 
to feed ELSA. 

d. ELSA: The electron stretcher ring ELSA, in oper- 
ation since 1987, serves either as storage ring produc- 
ing synchrotron radiation or as post-accelerator and 
pulse stretcher delivering a continuous electron beam 
(InA, duty factor ps 70%) with up to 3.5 GeV en- 
ergy . A few de t ectors were ins talled at ELSA: Phoen - 
ics (iBock et all. Il998ft ELA N (|Kalleicher et all . Il997ft . 
GDH (|Naumann et a/.l . l2003h . SAPHIR, and CBELSA in 
different configurations. SAPHIR was a magnetic detec- 
tor with a central drift chamber (CDC), with a mag- 
netic field perpendicular to the beam axis and the target 
placed in the center of the CDC. Forward hodoscopes 
in coincidence with the tagging system gave a fast trig- 
ger and provid ed particle identificat ion by measuring the 
time of flight (jSchwille et all . 1 1994ft . It was dismantled 
in 1999. The CBELSA experi ment is based on the 4tt 
photon detector Crystal Barrel (jAker et all . Il992ft which 
had been moved in 1997 from LEAR/CERN to Bonn. An 
inner scintillating fiber detector is used for charged part i- 



cle detection and trigger purposes (jvan Pee e* aLl.l2007ft 



Later , the forward d irection was c overe d l)Elsner et all . 
12007ft by the TAPS dGabler et all . Il994ft or a MiniTaps 
detector. 

e. Jlab: The continuous electron beam accelerator fa- 
cility at the Department of Energy's Thomas Jefferson 
National Accelerator Facility (Jlab) delivers a 6 GeV pri- 
mary electron beam into three different experimental ar- 
eas, Halls A, B, and C, for simultaneous experiments. 
Halls A and C both have two spectrometers; in Hall 
A, two identical high-resolution spectrometer covering a 
maximum momentum of 4 GeV/c are installed while in 
Hall C one is dedicated to analyze high-momentum par- 
ticles, the other has a short path length for the detection 
of decay particles. Hall B houses the Jlab Large Accep- 
tance Spectrometer (CLAS), the detector most relevant 
for baryon spectroscopy. The CLAS detector is based 
on a six-coil toroidal magnet which provides a largely 



f. ESFR: The GRAAL experiment was installed at the 
European Synchrotron Radiation Facility (ESRF) in 
Grenoble (France) . The tagged and polarized 7-ray beam 
was produced by Compton scattering of laser photons 
off the 6 GeV electrons circulating in the storage ring. 
The shortest UV wave length of 351 nm yielded a max- 
imal 7-ray energy of 1.5 GeV. The tagging system used 
128 silicon microstrips with a pitch of 300 /mi. The pro- 
ton track was measured by two cylindrical Multi-Wire 
Proportional Chambers with striped cathodes and two 
forward planar chambers. Charged particles were identi- 
fied by dE/dx and time-of-flight measurement. Photons 
coming from neutral decay channels of ir° and r\ were 
detected in 480 2 l-radiation- lengths BGO crystals sup- 
plemented by a lead-scin tillator sandwich time -of-flight 
wall in forward direction (|Bartalini et ^.1 . 120051 ). 

g. SPring-8: The LEPS (laser electron photons at 
SPring-8 ) detector uses backscattcred photons from the 
8 GeV stored electron beam producing a tagged 7-ray 
beam of up to 2.4 GeV. The LEPS spectrometer con- 
sists of a wide-gap dipolc magnet with charged-particlc 
tracking detectors. An array of scintillator bars 4 meters 
downstream of target and scintillators just behind the 
target provided a time-of-flight information. Electron- 
positron pairs are vetoed by an aerogel Cherenkov detec- 
tor. 

h. MAMI: The electron accelerator MAMI consists 
of three cascaded racetrack microtrons and a har- 
monic double-sided m icrotron for final acceleration 
( Blomqvist et all . Il998ft . A linear accelerator provides 
a 4MeV beam, the racetrack microtrons 15, 180 and 
855 MeV, respectively. The maximum energy at the end 
of the new fifth stage is 1.5 GeV, with a beam current 
of up to 100 fj,A. Photons can be provided with linear 
or circular polarization. The development of a polarized 
target is finalized. 

A major installation for baryon spectroscopy is the 
Crystal Ball detector (see Experiments at BNL in sec- 
tion IIII. Bp . The detector capabilities arc strengthened 
by a forward-wall TAPS consisting of 510 hexagonally 
shaped BaF2 detectors. 

3. Total cross sections for photo-induced reactions 

The total photo-absorption cross section shown in 
Fig. [22] exhibits a large peak (w 500 fib) due to A(1232) 
production, shows some structures in the second and 
third resonance region and levels off at about 150 fib at 
a few GeV. At very high energies, the photon splits into 
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a qq pair with vector-meson quantum numbers and the 
interaction between proton and photon is dominated by 
Pomeron exchange exhibiting the typical relativistic rise 
in the multi-GeV energy range. The structure of the pho- 
ton and its interaction with protons, a central issue at HI 
and ZEUS, is beyond th e scope of this article; we refe r 
the reader to a review by ( Butterworth and Wind , l2005h . 



4. The GDH sum rule 

The photoproduction cross section depends on the he- 
licity of proton and photon. The total helicity may be 
3/2 or 1/2; the fractional difference 



E 



03/2 ~ 03/2 
03/2 + °3/2 



(16) 



is an important quantity. Such measurements require cir- 
cularly polarized photons and a target of polarized pro- 
tons. 

The development of techniques to produce polarized 
targets and photons has a long history. The most recent 
driving force for this development was the chance to test 
the Gerasimov-Drell-H earn sum rule ( Drell and Hearnl . 
ll966tlGerasimovlll966h 



Jo 



dEy 
E~, 



[<73/2 C&y) _ CT l/2 (^7 



2n 2 a 2 



(17) 



which relates the integrated helicity-difference cross- 
section to the anomalous magnetic moment k p . 

Figure [53] shows the separate helicity cont ributions to 
the t otal cross sec tion, measure d at ELSA ( Dutz et all 
120031 ) and MAMI ([Ahrens et all l200Ct l200li 120031 ) ~Ob- 
viously, most of the resonance strength of the first three 
resonances originates from the 3/2 helicity channel. The 
integrated difference, weighted with 1/Ey, needs to be 
corrected for the unmeasured regions. The low-energy 
part can be estimated using MAID (Mainz Analysis In- 
teractive Dial-in) predictions, the integral from 2.9 GcV 
up to 00 using deep inelastic scattering data. The com- 
parison of calculated 205 /ib and me asured 212±6± 16 fjb 
value shows remarkable agreement (iHelbind . 120061) . 

First measurements of the helicity difference on 
exclusive final states ha ve been published recently 
( Ahrens et all [20061 120071 ); these measurements provide 



an important input to partial wave analyses. 

D. Photo-production of pseudoscalar mesons 

1. Polarization observables 

The differential cross section for electro-production of 
pseudoscalar mesons off nucleons is given by the product 
of the flux of the virtual photon field - with longitudi- 
nal (L) and transverse (T) polarization - and the virtual 
differential cross section which depends on 6 response 



functions (R4 = Rt, Rl,Rtl, Rtt, Rtl',Rtt')- The re- 
sponse functions depend on two additional indices char- 
acterizing the target polarization and the recoil polariza- 
tion of the final-state b aryon. The response functions can 
be w ritten as CGNL ( Chew. Goldberger. Low. Nambul . 
Il957[ ) or helicity amplitudes. The formalism is tedious; a 
derivation of formulas and a comprehensive compendium 
of the rel ations between t he dif ferent schemes can be 
found in ( Kndchlein et all Il995l ). In photoproduction, 
the longitudinal component of the photon polarization 
vector vanishes, and the problem is easier to handle. 
From the four CGNL amplitudes, sixteen bilinear prod- 
ucts can be formed which define the measurable quanti- 
ties. The differential cross sections can be divided into 
three classes, for experiments with polarized photons and 
polarized target (BT, I18ap and experiments measuring 
the baryon recoil polarization and using either polarized 
photons (BR. 118b]) or a polarized target (TR. 118c")) . 

ct = (To 1 1 — p±Y,cos2ip + t x (— p±H sin2cp + p@F) 

- t y (-T + p ± P cos 2ip) (18a) 

- t z {-pi_Gsm2ip + p Q E)}, 

a = ct {1 - p\Y,cos2ip + ov {—p±O x > sin2y> — p Q C x >) 

- oy (-P+p±T cos 2(p) (18b) 

- oy (p±O z < sin2<£ + P C Z /)}, 
a = <7 {l + <7y>P + t x {o x *T x , + o z >T 7j ) 

+ ty (T + <r v /E) (18c) 

- t z (a x 'L x > — a z >L Z f)} . 

We use a = 2pfda/dfl where pj denotes the density ma- 
trix for the final state baryon, cto the unpolarized differ- 
ential cross section, p± the degree of linear photon po- 
larization, and tp the angle between photon polarization 
vector and reaction plane, p@ the circular photon polar- 
ization. The target polarization vector is represented by 
(t x ,t y ,t z ) with z chosen as photon beam direction and 
y as normal of the reaction plane. The Pauli matrices 
(a x ,a y ,a' z ) referring to the recoiling baryon are defined 
in a frame with the momentum vector of the outgoing 
meson as z'-axis and where the y'-axis is the same as the 
y-axis. The x and x' axes arc defined by orthogonality. 

The quantities defined by capital letters (and, of 
course, the differential cross section cr ) are those to be 
determined. Some have traditional names; we mention 
the beam and target asymmetries S and T, the recoil 
polarization P and the helicity difference of the cross sec- 
tion E a — a 1 j2 — 03/2- The spin correlation coefficients 
G x i, C z i (L x i, L z i) define the transfer of circular (oblique) 
polarization to a recoiling baryon. 

Not all 16 observables need to be measured to arrive at 
a unique solution (up to an overall phase); relations be- 
tween the observables reduce the number of required ex- 
periments. Seven appropriately chosen experiments can 
be sufficient but may lead to discrete ambiguities of the 
solution. Hen ce a minimum of up to 8 functions need to 
be measured ( Barker et all . Il975l ; IChiang and Tabakinl . 
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FIG. 22 Total photo-absorption cross section and exclusive cross sections for single- and multi-meson production, a: total, pit , 
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FIG. 23 Separate helicit y state total cross s ection s (T3/2 
and (T1/2 of the proton (|Ahrens et all |2000| . l200ll . |2003| ; 
iDutz et g/ll2003l ). 



I1997I) . The minimum contains experiments with polar- 
ization of photons, target and recoiling baryon. This 
number may be small e r due to inequalities among ob- 
servables (jArtru et all l2009ft . If, e.g., \A\ 2 + \B\ 2 < 1, 
and if a first measurement gives A « — 1, then a mea- 
surement of B is not anymore needed. 

A set of data which allows for an energy-independent 
full reconstruction of the amplitude is commonly referred 
to as a "complete" experiment. Of course, a complete 
experiment requires the measurement of isospin related 
channels, a nd it remains ope n if the goal can be reached 
in practice ifWorkmanL 1 1999ft . 



2. Photoproduction of pions 

The structures observed in the total photo-absorption 
cross section are much more pronounced in single-7r° 
photo-production (Fig. l2"2"k); the cross section reaches 
400 fib at the A(1232) position, 40 fib at the second 
and 26 fib at the third resonance peak. There are in- 
dications for the fourth resonance region; then, the 
cross section decreases rapidly. The cross section for 
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7T production has been derived by integration over dif- 
ferential cross sections da jd cos 9 where 9 is the angle 
of the 7T° meson with respect to the direction of the 
phot on in the 7p rest fr ame. Most recent data from 



Jlab (TDugger et all. 20071) and ELS A (|Bartholomv et all . 



120051 : van Pee et all . 120071 ) cover a large energy and an 



gular range. Refere nces to earlier data are listed in 
van Pee et "aLl. l2007h . The agreement between the data 



is remarkable; at high energy small discrepancies in the 
forward direction show up between the ELSA data (which 
are shown in Fig. FMty and the Jlab data. The Crystal 
Barrel collaboration has new data in the extreme forward 
angle which will hopefully resolve this discrepancy. 

The beam asymmet ry is availa ble from MAMI in 
the low-energy region dBeckl. 120061) ( shown in Fig. 1251) . 
from GRAAL (iBartalini et all . 1200a) and from ELSA 
( Eisner et al I I2009D . Some data on target and proton 
recoil polarization and a few data on double polariza- 
tion can be found at the GWU Data Analysis Center 
http://gwdac.phys.gwu.edu/. Data on the related re- 
act ion — > nn + for the lo w energy region are given 
in (jMacCormick et all. Il996l). angula r distr ibutions and 
beam asymmetry in ( Bartalini et all . l2002h . Recently, 
differential cross sections for jp — > rt7r + have been mea- 
sured by the CLAS collaboration f or energies from 0.725 
to 2.875 GeV (jDugger et ^.1 . 120091) . The results are con- 
sistent with previously published results. For the pho- 
ton energies ranged from 1.1 to 5.5 GeV, cross sections 
for jn — > pir~ and jp — > nir + were measured at Jlab 
(for selected scattering angles) with the aim to test ideas 
in perturbative QCD (|Zhu et ^.1 . 120031) . Fur ther details 
and r eferences to earlier data can be found in ( Zhu et "all . 
120051 ) . The beam asymmetry for photoproduction of neu- 
tral pions from quasi-free nucleons in a deuteron target 
was measured with the GRAAL d etector for photon en - 
ergies between 0.60 and 1.50 GeV (jDiSalvo et al.l . l2009th 
The asymmetries for quasi-free protons and quasi-free 
neutrons were found equal up to 0.8 GeV and substan- 
tially different at higher energies. 

Electro-production of pions is sensitive to the Q 2 de- 
pendence of electromagnetic transition operators and 
provides the possibility to determine additional ampli- 
tudes; in particular the interference between real and 
imaginary amplitudes can be determined. The longitu- 
dinal amplitude Li± and the scalar amplitude Si± are 
related due to gauge invariance and only Si± needs to 
be determined. The reaction e~ p — > e~ pn° was stud- 
ied in the A reg i on at four-momentum tr ansfers Q 2 = 
0.2 (lElsner et aU l2006h . 2.8 and 4.0 GeV 2 (|Frolov et all . 
Il999l ). and ratios of multipoles S0+/M1+, Si+/Mi + , and 
E1+/M1+ were extracted from decay angular distribu- 
tions. The related e~ p — ► e~ mr + reaction was investi- 
gated in the first and second nucleo n resonance regions 
in the 0.25 < Q 2 < 0.6 5 GeV 2 range (|Egivan et all . 120061: 



iJoo et all. l2002l. 12003 



EBAC ( Julia-Diaz et al 



2005). The data were used by 



2009) to extract the dependence 



of the helicity amplitudes on the (squared) momentum 
transfer Q 2 , and "dressed form factors" were determined. 
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FIG. 24 Differential cross sections for jp — + piv . The solid 
line represents the BnGa, the dashed line the SAID (SM05), 
and the dotted line the MAID model. 



Figure [26] shows the resulting magnetic transition form 
factor G* M normalized to the conventional dipole form 
factor for the TV — > A transition. The Q 2 dependence 
serves as fix-point for comparison of higher-mass excita- 
tions. 

At higher invariant masses, electro-production of sin- 
gle pions can be discussed within the frame of gener- 
alized parton distributions or by exten ding; the Regge 
form a lism to high photon virtualities f|Avakian et all . 



rormansm to ingn p noton virtualities ( AvaKian et al.l 
I2QQ4I : iDe Masi et all , \200A lUngaro et all I2QQ6D . Re- 
cently, electro-production of pions was studied using a 
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FIG. 25 (Color online) Ph oton asymm etry £ in the A reso- 
nance region for jp — > pn (|Beckl . l2006D . The solid line is the 
MAID model. 



polarized ( 15 NH3) target. The data, recorded in the first 
and second nucleon r esonance regi o ns in a Q 2 range from 
0.187 to 0.770 GeV 2 dBiselli et all 120081 ). is expected to 
place strong constraints on the electro-coupling ampli- 



tudes A 1/2 and S x/ 2 for the i\T 1/2 + (1440), N x/2 - (1535), 
and 7V 3 / 2 -(1520) resonances. The CLAS collaboration 
also performed a measurement of semi-inclusive 7r + elec- 
troproduction in the Q 2 range from 1.4 to 5.7(GeV/c) 2 
with broad coverage in all other kinematic variables 
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FIG. 26 G* M normalized by the dipole factor Gd — [1 + 
Q 2 /0.71 (GeV/c) 2 ]- 1 . 



(|Osipenko et all l2008f) . The results suggest a simi- 
larity between the spectator diquark fragmentation in 
7*p — ► nn + and the anti-quark fragmentation in e + e~ 
collisions. 

Electro-production of ir° mesons in the threshold re- 
gion, including the ir + pro duction threshold , was studied 
at very low Q 2 at MAMI (jWeis et ^.1 . 120081 ). 



3. Photoproduction of r\- and 77'-mesons 

The cross section for photo-induced production 
of 77-mesons is sizable reaching 16 /ib just above its 
threshold, s ee Fig. I2"2"k. Th e most recent data can be 
found in dBartalini et al. [_ 120071; iBartholomv et ~ 



120071; ICrede et al 



20051 ; iDugger et 



20021) . 



()Bartholomv et all 120071 ) contains a survey of older 
data. At 1 GeV photon energy, a small dip is observed 
but otherwise, the cross section does not show any 
significant structures. (The anomaly in the GRAAL 
data at 1 GeV does not show up when the angular 
distributions are fitted with the BnGa amplitudes; hence 
the anomaly is likely due to the polynomial extrap- 
olation of the angular distribution into an uncovered 
region.) At E 1 = 2 GeV, the 77 cross section is smaller 
than the ir° cross section by a fac t or 3. The GRAAL 
beam asymmetry ( Bartalini et all 2007 ) is co nfirmed 



and extended in rang e by (lElsner et al 



2007J). Very 



recently, the CLA S (IWilliams et all l2009al) and the 



CB-ELSA/TAPS (|Crede et all 120091 ) collaborations 
reported new data on n and n' photoproduction. In 
the high energy region and for forward angles, the 
CB-ELSA/TAPS cross section is significantly larger than 
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FIG. 27 (Color online) Differen tial cross sections for the reac- 
tion 7p — » py from CBEL SA (jBartholomv et all l2007t l and 
CLAS ijDugger et aILl2002f) for different invariant masses and 
fit results (|Nakavama et al. |, I2008D . The dashed line repre- 
sents the Sn, the dash-dot-dot line the -D13, the dashed- 
dotted line the meson-exchange contribution; their sum is 
given as solid line. 
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CLAS. We note that CB-ELSA/TAPS data are based on 
two fully reconstructed r\ decay modes; both with very 
little background and a high detection efficiency. 

Photoproduction of 77-mesons off neutrons gives access 
to the helicity amplitudes A™, 2 , A r ^ 2 of N1/2- (1535) cou- 
pling to Nn. The reaction has recently attracted consid- 
erable additional interest due to the possibility that a 
narrow J p = l/2 + nu cleon resonance at sa 1 680 MeV 
may have been found (jKuznetsovl 120071 l2008h . For a 
more detailed discussion, see paragraph IIV.G.1I below. 
Very recently, precise angular distributions ( Jaegle et all 
l2008h and beam asymmetries ( Fantini et aZT 2*008f ) have 
been reported. 

Electro-production of 77-mesons was reported in 
( Denizli et Mi l2007h for total center of mass energy 
W = 1.5 — 2.3 GeV and invariant squared momentum 
transfer Q 2 = 0.13 — 3.3 GeV 2 , and photo-couplings and 
rjN coupling strengths of baryon resonances were de- 
duced. A structure was seen at W ~ 1.7 GeV. The shape 
of the differential cross section is indicative of the pres- 
ence of a P-wave reson ance that pers i sts to high Q 2 . The 
data are extended by (jDalton et all 120081 ) to Q 2 ~ 5.7 
and 7.0 GeV 2 for center-of-mass energies from threshold 
to 1.8 GeV. A first double polarizat ion experiment on 77 
electro-production was reported by ( Merkel et aZ.I . [2007h . 

The pho toproduction cross section for jy'-mesons, re- 
ported by ( Dugger et all l2006f ) , rises slowly from thresh- 
old, reaches a maximum of about 1 /ib at E 7 = 1.9 MeV; 
at large energies, its cross section falls below the n cross 
section by a factor sa 2, likely because of the twice smaller 
uu + dd component in the 7/ wave function. 



4. The reactions 7 p -> A'+A, A"+E°, and K°E + 

Figurel2"2"b show cross sections for photo-production of 
final states with strangeness. For AK + and E°A' + the 
cross sections reach about 2.5 fjb; for T, + K°, it is a fac- 
tor 4 smaller. The ratio for decays of nucleon resonances 
into H+K° or YPK+ is 1/2, for A resonances it is 2. The 
T,°K + cross section is larger than that for £ + AT°; the for- 
mer reaction receives contributions from kaon exchange 
which is f orbidden for the l atter reaction. In partial wave 
analyses ( Casteliins et all 120081 ) . the iVx/ 2 +(1880) reso- 
nance is seen to make a significant contribution to final 
states with open strangeness. 

Differential distributions for -fp — ► AT+A, K + TP 
and K q Yj + have been measured at ELSA with 
SAPHIR (|Glander et all 



da/da (|j.b/sr) 



20041: 



and CBELS A/TAP S (|Casteliins et 
(ILleres et all l2007h . at Jlab with 



Lawall et all 120051) 
'i 1200J), GRAAL 
the CLAS detec- 



tor (Bradf ord et al. . 
dHicks et al. , l2007tlSumihama et al. 
[2003D The data of dBradford et al. 



20061), and by LEPS at SPring-8 
"20061: IZegers et all 



12006 ) are shown in 



Fig. The reconstruction of the hyperon decay defines 
its polarization status. At GRAAL and SPring-8 , the 
7-ray beam is created by rescattering of optical photons 
which are easily polarized; in these measurements, the 
beam asymmetry is determined as well. 
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FIG. 28 Differentia l cross sections for jp — > A' + A 
(jBradford et all l2006t ) . The solid curves represent a Bonn- 
Gatchina fit. 



Recently, spin transfer from linearly and circularly po- 
larized photons to final-state hyperq ns has been mea- 
sured at_GRAAIj|Lleres^t^], l2009|), see Fig. [29] and 
Jlab ([Bradford et all I2007I ). The data exhibit a str king 
trans fer of the photon polarization to the A ( Schumacher! . 
I2006I) : the data mark an important step towards a com- 



plete experiment. 

Electro-production of A' + A and K + T,° final states 
from a proton target was studied at Jlab using the CLAS 
detector. The separated structure functions ctt, ctl, ctt, 
and <7lt were extracted for momentum transfers from 
0.5 < Q 2 < 2.8 GeV 2 and invariant energy from 1.6 < 
W < 2.4 GeV, while spanning ne arly the full center- 
of-ma ss angular range of the kaon ( Ambrozewicz et all 
120071 ). The polarized structure function olt' was 
measured for the reaction p(~e , e'K + )K in the nu- 
cleon resonance region from threshold up to 11^=2.05 
GeV for central values of Q 2 of 0.65 and 1.00 GeV 2 
( Nasseripour et a/] . l2008h . The separated structure func- 
tions reveal clear differences between the production dy- 
namics for the A and S° hyperons. 

The polarization transferred from virtual photons to 
A and E° hyperons was measured using the CLAS spec- 
trometer at beam ene r gies o f 2.567, 4.261, and 5.754 GeV 
(ICarman et all I2003L ^OOl spanning momentum trans- 
fers up to 5.4 GeV 2 . The data suggest that the A po- 
larization is maximal along the virtual photon direction. 
The large pol arization effects - as a l so observed in pho - 
toproduction (jBradford et all l2007t ILleres et all l2009h 
- call for a simple interpretation accounting for the dy- 
namics of quarks and gluons in a domain thought to be 
dominated by meson/baryon degrees of freedom. Two 
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FIG. 29 Angular distri butions of the beam recoil observable 
O z (|Lleres et all I2009T ). Data are compared with predic- 
tions of the Bonn-Gatchina (solid line, private communica- 
tions from to the G RAAL collaboration) an d the Regge-plus- 
resonance model of ([Corthals et al ]. l2007bh . 



sibly a N 5 / 2 + around 2 GeV were determined as lead- 
i ng contributions in an event-based partial wave analysis 
(I Williams et all l2009bl) :. 

Photoproduction o f (^-mesons was reported by C LAS 
(lAnciant et al.l.l2000l). SA PHIR (jBarth et al.l . l2003bl) and 
LEPS (|Mibe et q/.l . I2005T ): the reactions p -> K*°A and 
7io — > K*°T, were reported by CLAS (iHleiaawi et al 
20071) , 7p -> K*°H + by CBELSA/TAPS (|Nanova et al 



20081 ) . The size of the cross section is about 24 ph for p, 
8 fib for w, 0.2 pb for (f> production (see Fig. [22b ) while 
ratios 9:1:2 would be expected from the direct photon- 
vector-meson couplings. For pion exchange, the cu cross 
sections should exceed the p cross section while cj> pro- 
duction would vanish. 

In the multi-GeV range, electro-production is sensi- 
tive to the transition between the low energy hadronic 
and high energy partonic domains; at sufficiently large 
energies, generaliz ed parton d i stribu tions can be deter- 
mined (see, e.g., ( Goloskokovl 120081 )). However, there 
is so far no attempt to use the data for baryon spec- 
troscopy. Here, we give referenc e to recent CLAS pa - 



20091) 



per s on electro-producti on of p- (IMorrow et al. 
oj- dMorand et al. 1. 120051) . and 0-mcsons (pantoro et all . 
I2008T) . 



2. jN — > Nirn and A?7r?7 



possible scenarios are discussed in ([Carman et al ]. l2009h . 



E. Photo-production of multi-mesonic final states 

1. Vector mesons 

Photons and unflavored vector mesons share the same 
quantum numbers. In soft vector-meson production by 
real photons, natural-parity (Pomeron) exchange pro- 
vides the leading term to the cross section. The cross 
section falls off exponentially with the squared recoil mo- 
mentum t characteristic for "diffractive" production. At 
low energies, a significant pion (kaon) exchange contri- 
bution is expected because of the large (p, ui) — > tt°j 
(K* — > Kj) coupling. Most interesting in the context of 
this review are contributions from TV* production since 
quark models predict for some N* resonances large cou- 
plings to Nui and to N p. Figure [301 depicts the different 
reaction mechanisms. 

Photoproduction of p mesons was stu died by the CLAS 
(|Battaglieri et ali . 120011 ) and SAPHIR dWu et all |2005[) 
collab orations, oj mesons by CLAS (IBattaglieri et all 
120031), SAPHIR - t hese data are shown in Fig. I3T1 - 
(jBarth et oil . l2003al). GRAAL (lAiaka et all l2006f ) and 
CBELSA/TAPS (jKlein et all 120081 ). Large statistics 
data on differential cross sections and spin density ma- 
trix elements for 7jo — > poj ha v e been reported re- 
cently by CLAS ([Williams et all l2009cl ). for energies 



from threshold up to W = 2.84 GeV. Af 5/2+ (1680) 
and iV 3 / 2 -(1700) near threshold, AT 7/2 _(2190) and pos- 



Multi-meson production collects an increasing frac- 
tion of the cross section, see Fig. |2"2"B. The most im - 
portant channels are — ► pn + ir~ ( Wu et all . 120051 ): 
above 2 GeV, — * pTT + n~ir° reaches a similar strength 




FIG. 30 Contributions to a; photoproduction: (a): The hand- 
bag diagram for hard photo- and electro-production. The 
large blob represents the generalized parton distribution of the 
nucleon. At lower energies, processes b,c,d are more appro- 
priate to describe the reaction, (b): Natural parity f-channcl 
exchange and (c): t-channel exchange via the pion trajectory, 

(d) : s-channel intermediate resonance excitation. The same 
diagrams contribute to p production while cj> are produced 
dominantly via (b). For K* production, a kaon trajectory is 
exchanged, the outgoing N' is replaced by a hyperon. (d) and 

(e) : baryon pole in the s and u channel. 
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FIG. 31 The tota l cross section for w photoproduction 
Barth et a/.l. l2003al) a nd decomposition into partial waves by 



Shklvar et atl |2005bh . 



( Barth et al ], l2003ah . In the low-energy region, the 
different isospin chann els of two-pion photoproduction 
( Zabrodin et all 19991) can be used to s t udy chiral dy- 
namics (|Gomez Teiedor and Osetl Il996t iNacher et all 
l200lh . Differences in 7r + 7r° and 7r°7r° invariant mass 
distributions were assigned to a N o decay branch of 
the N 3/2- (1520) nucleoli resonance (jLanggartner et all , 
l200ll ). In the resonance region, photoproduction of 
two charged pions is dominated by diffractive p pro- 
duction and the direct production -fp — ► it~ A(1232) ++ ; 
7P — > 7r + A(1232)° plays a less important role. The 
CLAS collaboration reported a study of the moments 
of the di-pion decay angular distributions and extracted 
S, P, and D- waves in the 0.4 - 1.4 GeV irir mass range 
(jBattaglieri et all 120081 . l2009t) 

Intermediate baryon resonances are much stronger 
in photoproduction of two neutral pion s (lAhrens et all , 
120051: lAssafirT et al. 1, 120031 : iThoma et all |200j). The he- 
licity dependence of the jp — > pir + ir~ total cross-section 
was measur ed at MAMI for photon energies from 40 
to 800 Me V (|Ahrens et all , 120071 : iKrambrich et all l2009t) . 
At higher ene rgies, beam-he li city a symmetries were stud- 
ied at Jlab ( Strauch et all 120051 ). Two -pion electro- 
prod uct ion from Jlab w a s rep orted by (jRipani et all 
120031 ). (lHadiidakis et all I2005D a nd, with very high 



statistics, by (|Fedotov et all l2009f ). The pion pair was 
produced at photon virtualities ranging in Q 2 from 0.2 
to 0.6 GeV 2 and invariant mass W from 1.3 to 1.57 GeV. 
A phcnomenological analysis found non-resonant mech- 
anisms to provide the most significant part of the cross- 
section. Within the EBAC model, electrocouplings 
of the JV(1440)Pu and N(1520)D 13 states can be ex- 
tra cted. The present st ate-of-art of the fits is described 
111 (|Mokeev et aZ.1 . 120081 ). A fraction of the data and the 
most significant isobar contributions are shown in Fig. 1321 
The reaction jp — > pir°r] gives access to resonances 
in the Ar? system. The reac tion was studie d at SPring- 



jNakabavashi et all l2006l ) , at GRAAL (lAiaka et~ al\. 



120081 ). at ELS A . (iGutz et afl. 120081: [Horn et aZ.U2008al lbl). 



and at MAMI (|Kashevarovl 120091) The pn 77 Dalitz 
plots for two different photon energy ranges are shown 
in Fig. El with A(1232) and 7V(1535) as intermedi- 
ate resonances in jp — > (A(1232)t7; V(1535)7r) — > pn ?] 
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FIG. 32 Electro-production of pir + Tv~ after integration over 
the full dynamics. The cross sections are decomposed into 
the dominant isobar channels. The recent CLAS data 
(jFedotov et all , 120091 ) are shown by full symbols. Shadowed 
areas represent the systematical uncertainties. The solid lines 
correspond to an E BAC fit (JM06) to t he six 1-fold differen- 
tial cross sections (|Mokeev et all , |2008i ). The contributions 
from tt - A ++ , tt + A° channels are shown by dashed and dot- 
dashed lines, the contributions from direct 2rr production by 
dotted lines, respectively. 
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FIG. 33 Dalitz plot (Crystal Barrel at ELSA) for the reac- 
tion 7p -> pTv°r] for E 1 < 1.9 GeV (a) and Ej > 1.9 GeV 
(b). A(1232) is seen in both Dalitz plots; V(1535) is visi- 
ble only for high photon energies even though the V(1535)-7r 
production threshold (~ 1.0 GeV) is lower than the A(1232)?7 
production threshold (~ 1.2 GeV). 
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cascade decays. Likewise, 77? — ► pir°tu can be used to 
study the Aui system. H owever, so far data are scarce 
(jjunkersfeld et glJ . l2007l ). 



small groups or individuals have made significant con- 
tributions to the field, most partial wave analyses are 
performed at a few places only. 



3. Hyperon resonances and the O(1540) + 

In 2003, evidence for a narrow baryon resonance with 
positive strangeness 0(154O) + , i.e., with a constituent 
s- quark, was repor t ed by four different laboratories 
(iBarmin et all 120031; iBarth et all 12003d: iNakano et all 
120031: IStepanvan et all l2003h with properties as pre - 
dicted in a chiral soliton model ( Diakonov et all Il997t ) . 
A broad search was initiated to confirm or disprove these 
findings, including the search for relat ed phenomena 
like $(1860) (= ssddu) (lAlt et all J 2004I) and 9 C (3100) 
(= uuddc) (jChekanov et all 12004 ). The evidence for 



penta quarks has now faded away ( Danilov and Mizuk . tering by ( |Hyslop et al 



2008) even though some evidence persists (jNakano et al 



a. SAID and MAID: The longest continuous tra- 

dition is held by the SAID group. The group main- 
tains and updates analyses of the elastic irN, (in- 
cluding Trd), KN, NN databases and on photo- 
and electro-production of pseudoscalar mesons. The 
web page http://gwdac.phys.gwu.edu/ provides ac- 
cess to the data, to partial wave amplitudes, and 
to current energy-dependent predictions for observ- 
able quantities. A similar page is found at Mainz 
http://www.kph.uni-mainz.de/MAID/. The most re- 
cent soluti ons for ttN elast ic scattering were ob- 
tained by (lArndt et all 120061) . for KN elastic scat- 

for photoproduction of 



20091 ): memorable remarks on the coherence of experi- 



mental findings and results from lattice QCD and QCD 
sum rules can be found in (jTariol . 120071) . 

Our knowledge of excited strange baryons rests nearly 
entirely on K N scattering data which are not reviewed 
here. The A3/2- (152 0) hyperon was stu died in photo- 



production by LEPS dKohri et all 120091) in the thresh 

t all lin" 



old region, by SAPHIR (jWieland et all lin preparation! ) 
for photon energies below 2.65 GeV, and in electro- 
production by CLA S at electron beam energies of 4.05, 
4.25, and 4.46 GeV (jBarrow et all l200ll ). The decay an- 
gular distributions suggest resonant contributions at low 
energies, and at high energy dominance of i-channel di- 
agrams with either K + exchange or longitudinal cou- 
pling to an exchanged K* . The Q 2 dependence of the 
A 3 / 2 -(1520) production cross section is very similar to 
the one observed for photo- and electro-production of the 
A hyperon. The reaction jp — > A*°E + p rovides hints for 
a sig nificant role of An (900) exchange ( Hleiqawi et all 
120071) . 

Differential cross sections for jp — > K + A 1 / 2 - (1405) 
and jp — > A' + £°(1385) for forward K + scattering an- 
gles have been re ported for photon e nergies ranging from 
1.5 to 2.4 GeV picks et all 120091) . The A 1/2 -(1405) 
to £°(1385) production ratio of decreased with increas- 
ing photon energy possibly sugge sting different internal 
structures (jNiivama et al. , 120081 ). Cross sections and 
beam asymmetries for A + £*~ photoproduc tion from the 
deuteron at 1.5-2.4 GeV were reported by ( Hicks et all 
I2009D . 



pions, jointly with the most recent CLAS data by 
( Dugger et all |2007[ ). Amplitu des for photoprodu ction 
of 77 and rj were dete rmined by ( Chiang et aZ.I . [2003h and 
Briscoe et q/J.l2005l). those for Kaon photoproduction by 



(jMart and Sulaksond . 12006 ). Principles of mu lti-channel 



analyses are discussed by ( Vrana et all |2000( ). The lat- 
ter results differ significantly from those of single-channel 
fits emphasizing the need to include inelasticity explicitly. 
Ele ctro-production ampli tudes (MAID-07) were reported 
by (jDrechsel et all 120071 ). The MAID and SAID data 
bases provide indispensable tools for physicists working 
in the field. Both groups determine masses, widths and 
quantum numbers mostly from ttN scattering; photopro- 
duction data complement the information by providing 
hclicity amplitudes. 

b. EBAC: The Excited Baryon Analysis Cen- 

ter (EBAC) has developed a model to study nu- 
cleon resonances p ion- and photon-induced reactions 
( Matsuvama et all , 120071 ). The model is based on an 
energy-independent Hamiltonian derived from an in- 
teraction Lagrangian. Main results on ir N — > Ntt 
were communi cated by (|Julia-Diaz et all l2007t ). on 
irN -> Nn dDurand et all I2008D . and on ttN 



Nuit by ( Kamano et al. , 20091). Photop r oduct ion of 



pr oduct ic 

pions was studied by (lJulia-Diaz et all [2008) and 



( Sibirtsevet aL ,_ 20071 2009a lb ), ele ctroproduction of 77 
and jj by (Julia-Diaz et al. , 2009| ) and of pion pairs 



by ( Mokeev et al. , 20081 ) . A common analysis of 



single- and double-pio n photoproduction is presented in 
( Kamano et HR 120091) . A review of the method and re- 
cent achievements was presented by (|Led . 120071 ) . 



F. Partial wave analyses 

A discussion of problems, principles and achievements 
of partial wave analysis goes beyond the scope of this 
paper which rather concentrates on a review of the data 
which have been gathered and the physical significance 
of the results. Partial wave analyses arc performed at a 
number of places, using different methods. Even though 



c. The Giessen model: The Giessen group anal- 

yses simultaneously pion- and photon-induced data 
on 7A and ttN to ttA, 2ttA, nN, KA, KT,, 
and luN for energies from the nucleon mass up to 
^/s = 2 GeV. The method is based on a unitary 
coupled-channel effective Lagrangian model. The re- 
sults of the partial wave an alyses were reported by 



suits ot tne partial wave an alyses were reported by 
( Penner and Mosell . l2002al lbl). d 7euster and Mosell . Il998l 
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19991) . (|Shklvar et aZ.I . l2005alibl . f2007h . and (|Shvam et all . 



2009) 



d. The Bonn-Gatchina model: The Bonn-Gatchina 

group analyses large data sets, including the most re- 
cent results from photoproduction of Kaons and mul- 
tiparticle final states like p7r°7r° and pir ?]. The latter 
data are included in event-based likelihood fits which 
exploit fully the information contained in the correla- 
tions between the different variables. M ethods are de - 

Klo mpt et al. 



al, 2005, 2007, 



scrib ed by (jAnisovich et 
2006) and results bv (lAnisovich et al... 
2009) . and dNikonov et all l2008t ISarantsev et al 



il. 



200.1 



2007b, 



2005 



iThoma et al. . 2008| ). Data and on meson 
and baryon spectroscopy, the BnGa ttN partial wave 
amplitudes, photoproduction multipoles and predic- 
tions for observables can be found on the web page 
http : / /pwa. hiskp . uni-bonn Ac/ . 

e. Other approaches: We further mention the analy- 

sis of the Gent group which describes photo- and electro- 
product ion of hyperons in a Regge-plus-r esonance ap- 
proach (ICorthals et all . l2007aL I2006L l2007bl ) . 



A few words should be added as general remarks. Par- 
tial wave amplitudes are constrained by a number of the- 
oretical considerations. First, amplitudes need to be an- 
alytic function in the complex s plane; left-hand cuts due 
to threshold singularities can be treated using the N/D 
formalism. Amplitudes should obey crossing symmetry; 
ideally, amplitudes should be defined as functions of s, t, 
and u. In elastic ttN scattering, these requirements are 
met approximately by forcing amplitudes to satisfy fixed- 
t dispersion relations. Amplitudes should respect chiral 
symmetry This requirement can be enforced in models 
using a chiral Lagrangian or by including the ttN scat- 
tering amplitudes in the fits. Finally, amplitudes have to 
preserve unitarity; the number of incoming particles in a 
given partial wave, e.g. irN in the J p = 3/2 + wave, has 
to be preserved. This requirement can be met using a K- 
matrix in which background amplitudes and resonances 
can be added in a unitarity-prescrving way. 

Even when the scattering amplitudes arc known, the 
extraction of resonance parameters from meson-nucleon 
and photoinduced reactions is not easy. The physi- 
cal quantity which should not depend on the reaction 
mechanism is (supposedly) the pole position. Masses 
and widths can be determined, e.g. in the ttN elastic 
scattering, by the s peed-plot or the time-delay method 
( Suzuki et ~all. \200$\ . methods which may be more stable 
than parameters deduced from Breit-Wigncr parameter- 
izations. An alternative method to define Breit-Wigncr 
parameters ( Thoma et aLl . [2008h is to construct a Breit- 
Wigner amplitude as a function of s which rep roduces the 
pole position of the scattering amplitude. ( Ceci et "all . 
I2008D suggest to derive resonance parameter from the 
trace of K- and T-matrices. 

Coupling constants for decays of a resonance into A + b 



can be determined as residues of pole of the A+b — > A+b 
scattering amplitude in the complex s-plane. The par- 
tial decay width is usually defined as Ta b = PAb g\b 
where pAb is the phase space (includin g centrifugal bar- 
rier and Blatt-Weisskopf corrections ( Anisovich et all . 
120051 )). calculated at the nominal mass and g 2 Ab the 
squared coupling constant, again at the nominal mass. 
The definition has the non-intuitive consequence that the 
partial decay width of a subthreshold resonance vanishes 
identically even though the decay is possible via the tails 
of the mother (and/or daughter) resonance. More in- 
tuitive, but in practice less well defined, is a definition 
where the ratio of partial to total width is given by the 
ratio of the intensity in one channel to the intensity in 
all channels. One particular case are the N'y decays or 
the A-1/2 and A 3 / 2 helicity amplitudes, describing the 
nucleon-photon coupling for a total spin 1/2 and 3/2, 
respectively. A thorough discussion of these amplitudes, 
inc luding the longitudinal h elicity amplitude S1/2 is given 
in ( Aznaurvan et aZll2008l ). With the definition of a par- 
tial decay width as residue of a pole in the 7^ — > Nj 
amplitude, helicity amplitudes become complex quanti- 
ties. 

The coupling of a resonance to a decay channel has an 
impact on its mass. Quark model calculations usually 
give masses of "stable" baryons, of baryons before they 
are "dressed with a meson cloud". The EBAC group 
makes the attempt to determine bare baryon masses, 
masses a resonance might have before it dresses itself 
with a meson cloud. In meson s pectroscopy, the Gatchina 
group ( Anisovich et all . l2008t ) identified the undressed 
states with the K-matrix poles. Ho wever, in a dedicated 
study, (jWorkman and Arndtl . 120081 ) did not find a sim- 
ple association between K-matrix and T-matrix poles. 
We believe bare masses to be highly model-dependent 
quantities; the determination of the T-matrix poles is 
easy once the amplitudes are known, and they should be 
given, at least in addition. Finally, it is the T-matrix 
pole position which is given by the PDG and which can 
be compared to other analyses. The future will have to 
decide if dressing of quark model states or undressing of 
observed resonances may become a useful concept. 



G. Summary of N* and A* resonances 

The Review of Particle Properties of the PDG 
( Amsler et all . 120081 ) is indispensable for any physicist 
working in nuclear and particle physics, and also in this 
review frequent use has been made of it. In baryon spec- 
troscopy, listings of main properties of resonances are 
given and a selection is made which data are used to 
define the properties, which data are listed but not used 
for averaging and which results to not warrant to be men- 
tioned. Based on these results, a status is defined, with 
4 stars given to a resonance with certain existence and 
fairly well defined properties, 3-star resonances are al- 
most certain but some parameters arc less well defined. 
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TABLE XIII Breit-Wigner masses Wr and widths V (in MeV) of N and A resonances. 



Resonance 


Our 


Our 


KH 


CM 


Kent 


GWU 


BnGa 






estimate 


rating 












^1/2+ 


[1440) 


1450±32;300±100 




1410+12; 135+10 


1440±30; 340±70 


1462±10; 391±34 


1485 ± 1; 284±18 


1440±12; 335±50 


^3/2~ 


[1520) 


1522 ±4; 115±10 




1519±4; 114 + 7 


1525±10; 120±15 


1524 ±4; 124 ±8 


1516± 1; 99± 3 


1524 ±4; 117 ±6 


JVl/2- 


;i535) 


1538±10; 175±45 




1526 ±7; 120+20 


1550±40; 240±80 


1534 ±7; 151±27 


1547 ± 1; 188± 4 


1535±20; 170±35 


N 1/2 - 


[1650) 


1660±18; 165±25 




1670 ±8; 180±20 


1650±30; 150±40 


1659 ±9; 170±12 


1635 ± 1; 115 ±3 


1680±40; 170±45 


N 5/2' 


[1675) 


1675 ±5; 153±22 




1679 ±8; 120+15 


1675±10; 160±20 


1676 ±2; 159± 7 


1674 ± 1; 147 ± 1 


1678 ±5; 177±15 


N 5/2+ 


[1680) 


luoo ± 0; 12b ± y 


% # ^ # 


1 a Q A _l_ O . 1 QQ_1_ O 

loo4 ± 0; lzo± 


1 a on± in. 1 on_i_ 1 n 
1uoU±1U; 12U±1U 


1 a O A _l_ A . 1 on± Q 

lbo4 ± 4; loy± 


1 con _l_ i . 1 oo _L 1 
lo80 ± 1; 125 ± 1 


i cot; i r . 11 T-L- 1 O 

looo ± o; 11 iztlz 


AT 

N Z/2- 


^1 ( UU ) 


I79c;_|_c:n- lOfl-Hlfl 
1 ( ZOlCOU, ±yuzt±±u 




± 1 oinz 10, ±±uztou 










■''1/2+ 


'1710) 


1 71 Q-L.1 9-220+1 SO 

J. ( 1 JJ L ^ > ^ v/ 1 LOU 




1 72S 4- Q- 1 20+1 ^ 


1 700+^0- QO+30 


1 71 7+28- 480+^0 

1111 _LiOj ^tCJl 1 1 iii Ml 




1 72^+2^-200+^^ 


IV 

JV 3/2+ 


'1720) 


1730±30; 320+210 




1710+20; 190+30 


1700±50; 125±70 


1717+31; 380+180 


1750 ± 5; 256±22 


1770±100; 650±120 


IV , 
iv 3/2- 


'I860) 


1850+40; 260±170 


** 




1880±100; 180±60 


1804+55; 450+185 




1870±25;150±40 


N 5/2+ 


[1870) 


iQCfi-i-An- 970-1-1 










1 CI C. IIO 

lolo, 115 


lyiuzcou, oduicou 


N 1/2 + 


[1880) 


1890±50; 210+100 








1885+30; 113+44 




1900±30; 300±40 


N 3/2+ 


[1900) 


1940+50; 340+150 


* 




~ 


1879+17; 498+78 




1960±30; 185±40 


N l/2~ 


[1905) 


1 Qn^-i-^n- 9^0+1 


* 












N 7/2+ 


[1990) 


2020±60; 410±110 




2005±150; 350±100 


1970±50; 350±120 


2086±28; 535±120 






N 3/2- 


[2080) 


2100±55; 310±110 


** 


2080±20; 265±40 


2060±80; 300±100 






2160±35; 370±50 


N 1/a - 


[2090) 








2180±80; 350±100 








N 1/2 + 


[2100) 


2090±100; 230±200 




2050±20; 200±30 


2125±75; 260±100 








^5/2" 


[2200) 


2160±85; 350±50 




2228±30; 310±50 


2180±80; 400±100 






2065±25; 340±40 










KH 


CM 


Kent 


GWU 


Hendry 


^7/2" 


[2190) 


2150±30; 440±110 




2140±12; 390±30 


2200±70;500±150 


2127± 9; 550±50 


2152±2; 484±13 


2140± 40; 270± 50 


^9/2+ 


[2220) 


2260±60;490±115 




2205±10; 365±30 


2230±80;500±150 


- 


2316±3;633±17 


2300±100;450±150 


JVg/2- 


[2250) 


2255±50;420±150 


**** 


2268±15; 300±40 


2250±80; 400±120 


- 


2302±6; 628±28 


2200±100;350±100 


^11/2- 


(2600) 


2630±120; 650±250 


** 


2577±50;400±100 


- 


- 


- 


2700±100; 900±100 


^13/2+ 


(2700) 


2800±160;600±300 


** 


2612±45; 350±50 


- 


- 


- 


3000±100;900±150 










KH 


CM 


Kent 


GWU 


BnGa 


A 3/2+ 


(1232) 


1232 ± 1; 118 ± 2 




1232 ± 3; 116 ± 5 


1232 ± 2; 120 ± 5 


1231 ± 1; 118 ± 4 


1233 ±1; 119 ±1 


1230 ± 2; 112 ± 4 


A 3/2+ 


[1600) 


1615±80;360±120 




1522±15; 220±40 


1600±50;300±100 


1706±10; 430±73 


- 


1640±40;480±100 




(1620) 


1626±23; 130 ±45 




1610 ±7; 139±18 


1620±20; 140±20 


1672 ± 7; 154±37 


1614 ±1; 71 ±3 


1625±10; 148±15 


A 3/2- 


(1700) 


1720±50; 370±200 




1680±70; 230±80 


1710±30; 280±80 


1762±44; 600±250 


1688 ±3; 182 ±8 


1780±40; 580±120 


A l/2+ 


(1750) 






- 




1744±36; 300±120 


- 


- 


A i/ 2 - 


(1900) 


1910±50; 190±100 


** 


1908±30; 140±40 


1890±50; 170±50 


1920±24; 263±39 


- 


- 


A 5/2+ 


(1905) 


1885±25; 330 ±50 




1905±20; 260±20 


1910±30;400±100 


1881±18; 327±51 


1856 ±2; 321± 9 


1870±32; 340±32 


A l/2+ 


(1910) 


1935±90; 280±150 




1888±20; 280±50 


1910±40; 225±50 


1882±10; 229±25 


2068 ± 2; 543±10 


- 


A 3/2+ 


(1920) 


1950±70; 260±100 




1868±10; 220±80 


1920±80;300±100 


2014±16; 152±55 




1995±40; 360±50 


A 5/2- 


(1930) 


1930±30; 350±170 


— 


1901±15; 195±60 


1940±30; 320±60 


1956±22; 530±140 






A 3/2- 


(1940) 


1995±60; 340±130 


** 




1940±100;200±100 2057±110; 460±320 




1995±40; 360 ± 50 


A 7/2+ 


(1950) 


1930±16; 285 ±45 




1913 ± 8; 224±10 


1950±15; 340±50 


1945 ± 2; 300 ± 7 


1921± 1; 271 ±1 


1928±8; 290±14 


A 5/2+ 


(2000) 






2200±125;400±125 




1752±32; 251±93 






A l/2- 


(2150) 








2200±100;200±100 
















KH 


CM 


Kent 


GWU 


Hendry 


A 7/2" 


(2200) 


2230±50;420±100 


** 


2215±10;400±100 


2200±80;450±100 






2280±80;400±150 


A 9/2+ 


[2300) 


2360±125; 420±200 




2217±80; 300±100 


2400±125;425±150 






2450±100; 500±200 


A 5/2- 


(2350) 


2310 ±85; 490±250 




2305±26; 300 ± 70 


2400±125;400±150 


2233±53; 773±187 




A 7/2+ 


[2390) 


2390±100; 300±200 


* 


2425 ± 60; 300 ± 80 


2350±100; 300±100 








A 9/2- 


(2400) 


2400±190; 530±300 


** 


2468±50;480±100 


2300±100; 330±100 


2643±141; 895±432 


2200±100; 450±200 


A ll/2+ 


(2420) 


2462±120; 490±150 




2416 ± 17; 340±28 


2400±125;450±150 


2633±29; 692 ± 47 


2400±60;460±100 


A 13/2~ 


(2750) 


2720±100; 420±200 


** 


2794±80;350±100 








2650±100;500±100 


A 15/2+ 


(2950) 


2920±100;500±200 


** 


2990±100;330±100 








2850±100; 700±200 
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A resonance is given 2 stars if the evidence for its exis- 
tence is fair and 1 star, if it is poo r. The judgement i s 



dominantly base d on an alyses from (iHohler et aZ.1. 119791) 
(ICutkoskv et all 19791) - updated in ( Cutkoskv et al 



1980[) -. (jManlev and Saleskil . Il992r i. and (jArndt et al 
200G). 



We suggest here "our own" version of the PDG Listings 
by including the result s of the Bonn-Gatchina analysis 
( Anisovich et all l2009h . So far. results from photopro- 
duction were not yet used to estimate the status of a 
resonance or to determine mass or width. The reason 
for this decision is the following one: unlike irN elastic 
scattering, it is - at least so far - not possible to derive 
energy-independent partial wave amplitudes from photo- 
production data. For an independent observer, it is very 
difficult to judge how reliable a fit to data is, and if alter- 
native solutions exists in which a particular resonance is 
not needed. However, in the most recent analysis of the 
Bo nn-Gatchina group , the same amplitudes are used as 
in ( Arndt et aLl . l2006h . The BnGa differs by constrain- 
ing the amplitudes of the SM06 solution by data on pho- 
toproduction. In previous analyses, the inelasticity of 
baryon resonances are mostly unknown and are fitted as 
free unconstrained parameters of the fit. Constraining 
the SM06 amplitudes by known inelasticities can only 
improve our knowledge. 

In Table IXlTTl we list the N* and A* resonances, give 
our estimate for mass and width and our rating. Results 
from five analyses are given. Four new resonances are 
suggested which are underlined. 

1. The A^ 3/2 -(1860) is found in the PDG listings un- 
der the entry 7V(2080)L>i 3 {N 3/2 - (2080)). It is ob- 
served at this mass in the KH analysis; CM sug- 
gest two states, here we list both under the two 
headings. Kent confirmed the lower-mass state at 
1804 MeV. In the BnGa analysis, it assumes a mass 
of 1875 MeV. 7V 3/2 -(1860) is not seen by KH nor 
by GWU and we give it a 2-star status. 

2. A second newly introduced resonance is 
iV]/ 2 +(1880). Evidence comes from the Kent 
and BnGa analyses. 

3- ^5/2+ (1870) replaces the PDG entry iV(2000)Fi 5 
(N5/2+ (2000)). It is seen in all but the CM analysis 
and we rate it with 3 stars. 

4. 7V 1/2 -(1905) was reported by KH and Kent. In 
PDG, the two results are combined with the CM 
result (2180 MeV) to give AT(2090)5u. 



The five analyses listed in Tabic IXIIII are used to de- 
termine our rating. Resonances get 4 stars if seen in four 
experiments, including the GWU analysis. One star is 
subtracted, if it is not seen in the GWU analysis; two 
stars are assigned if seen in three, one star if seen by 
two analyses. Resonances included in the PDG which 
are seen only by one of the five analyses, are kept in Ta- 
ble IXIIII but with no star. For those, no mass or width 
estimate is given, and they are not considered in section 



IIVI In some cases, the ratings differ from PDG; in case 
of up- (down-) graded resonances, the star rating is over- 
(undcr-) lined. The mass region above 2.5 GeV was stud- 
ied in the KH and Hendry analysis only; we keep their 
PDG rating. 

Mass and width are estimated from the spread of re- 
sults rather than from the quoted errors. As a rule, we do 
not give extra weight to analyses quoting smaller errors. 
Mostly, small errors indicate that correlations with other 
variables are not sufficiently explored. For two-star reso- 
nances we give a minimum error of ±3% on the mass, for 
one-star resonances of ±5%. The width error we assign 
is minimally about twice larger than the error in mass. 



IV. MODELS AND PHENOMENOLOGY 
A. Historical perspectives 

1. SU(3) symmetry 

The main concern of baryon spectroscopy in the late 
sixties was to analyze the meson-baryon interaction and 
to understand the pattern of the many nucleon and A 
resonances, and the relation between these baryons and 
the strange baryons, A, S, E, and their excitations. The 
dynamical mechanism proposed to generate these reso- 
nances was the meson-nucleon interaction: it accounted, 
e.g., for the A resonance in the ir — N system, but failed 
to predict most of the other states. 

Then came flavor symmetry, based on the group SU(3), 
from now on called SU(3)f, and its "eightfold way" ver- 
sion. The lowest mass baryons, with spin S = 1/2, form 
an octet (N, A, S, S). The baryons with S = 3/2 are in a 
decuplet which, in 1962, included A(1232), £ 3/2+ (1385) 
and S 3 / 2 +(1530) (named S* and S* at that time). One 
state was missing. The regular mass spacing between 
A(1232),£ 3/2+ (1385) and S 3/2+ (1530) was used to pre- 
dict the existence and the mass of the fi(1672) baryon 
(|Gell-Man"nl . ll962l), with strangeness S = —3. Its experi- 
mental discovery ( Barnes et all Il964l ) was a triumph for 
SU(3) f . 

It was then realized that, if SU(3)f is taken seriously, 
there are three states in the fundamental representation, 
3, named quarks, and the actual baryons correspond to 
the flavor representations found in the 3x3x3 product. 
This was the beginning of the quark model, first a tool for 
building the SU(3)f representations, and then becoming 
a dynamical model. 

Today, SU(3)f is understood from the universal charac- 
ter of the quark interaction (flavor independence) and the 
approximate equality of the masses of light and strange 
quarks. SU(3)f remains a valuable tool to correlate data 
in different flavor sectors and organize the hadron multi- 
plets. 
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2. SU(6) symmetry 

The group SU(6) combines SU(3)f with the spin group 
SU(2). For instance, the octet baryons with S = 1/2 and 
the decuplet baryons with 5 = 3/2 form a 56 representa- 
tion of SU(6). This SU(6) symmetry emerges automati- 
cally in potential models with flavor independent forces, 
in the limit where the strange quark mass m s is equal to 
that or ordinary quarks, and the spin-dependent forces 
are neglected. 

Further symmetry schemes have been proposed to an- 
alyze t he baryon spe ctrum and properties. See, for in- 
stance, (jBiiker et aUll994l2000UKirchbach eTal\ , \200lh . 



3. Early models 

The harmonic oscillator model, to be discussed shortly 
as well as some of its many refinements, enables to ac- 
count explicitly for SU(3)f and SU(6) symmetry and their 
violation, and was crucial to assess the quark model not 
only as a mathematical tool to generate the actual repre- 
sentation out of the fundamental ones, but to understand 
the pattern of radial and orbital excitations. More refined 
constituent models were proposed later. 

More recently, attempts were made to derive the 
baryon masses and properties directly from QCD, by sum 
rules or lattice simulations: the results are very encour- 
aging, but often restricted to the lowest levels. 



4. Heavier flavors 

The discovery of charm and beauty enriched signifi- 
cantly the spectrum of hadrons. The quark model gained 
in credibility by the success of potentials fitting the J/ip 
and T excitations. The problem was to combine these 
new states in the existing schemes. 

The extension of SU(3)f to SU(4)f or beyond is 
straightforward but not very useful, as the symmetry is 
largely broken. However, with the advent of QCD, the 
ideas have evolved. The basic coupling, that of gluons to 
quarks, is linked to the color, not to the flavor. Hence, 
at least in the static limit, the quark-quark interaction 
should be flavor independent in the same way as in the 
physics of exotic atoms, the very same Coulomb potential 
binds electrons, muons, kaons and antiprotons. 

Flavor independence is probed in various ways: the 
same "funnel" potential (Coulomb + linear) simultane- 
ously fits the charmonium and bottomonium spectrum 
in the meson sectors. For baryons, regularities are also 
observed, which supports a picture with a flavor indepen- 
dent confinement and flavor symmetry broken through 
the quark masses entering the kinetic energy and the 
spin-dependent corrections. For instance, there is a very 
smooth evolution of hyperfine splittings from A — N to 
X* b -S 6 . 

It would of course be very appealing to describe all 
baryons within in a universal model, the light quark 



requiring only rclativistic corrections due to their light 
ma ss. This is for instance the spirit of th e wor k 
by (jCapstick and Isgurl . Il986l : iGodfrev and Isgud . Il985[ ). 
The success of this model is almost embarrassing, as 
QCD guides our intuition toward drastic differences be- 
tween heavy and light quarks. Heavy quarks interact by 
exchanging gluons. On the other hand, the dynamics 
of light quarks is dominated by chiral symmetry, which 
seems hardly reducible to a local potential. 



5. The role of color 

One of the main motivations for introducing color was 
to accou nt for the antisym metrization of the quarks in 
baryons ( Greenbergl . Il964h . In the harmonic oscillator 
and its various developments, the quarks in N, A, Q~ , 
etc., arc in a symmetric overall S-wave, and the spin- 
isospin part is also symmetric. An antisymmetric 3 x 3 x 
3 — > 1 coupling of color ensures Fermi statistics. 

Then, in this color scheme, a quark in a baryon sees 
a color 3 set of two quarks, which is analogous to the 
antiquark seen by a quark in an ordinary meson. This is 
the beginning of the diquark idea which will be discussed 
below. 

QCD gives a picture where the quarks interact moder- 
ately at short distances, according to "asymptotic free- 
dom" , and more strongly at large distances, where a lin- 
ear confinement is suggested by many studies, though 
not yet rigorously proved. The question is whether a 
Coulomb plus linear potential mimics QCD well enough 
so that reliable predictions can be done. A related ques- 
tion is whether the interaction among quarks in baryons 
is of pairwise nature. 

Another problem, raised in the late 70s in p apers deal- 
ing with "color chemistry" ( Chan et al\ , \l97S) , is whether 
the color representations used by hadrons are restricted 
to 3 (quarks, antidiquarks), 3 (antiquarks, diquarks) and 
1 (hadrons). Namely is the octet, which corresponds to 
gluons, restricted to the crossed channel, i.e., used only to 
mediate the interaction, or does it play a constituent role 
(glucballs, hybrid mesons and baryons)? Are there mul- 
tiquark states containing color-sextet or color-octet clus- 
ters? Experimental evidence for the existence of hadrons 
with "hidden color" in the pre-LEAR area was overruled 
i n high-statistic s experiments in the early phase of LEAR 
(IWalched . fl988h . 



B. Models of ground-state baryons 

1. Potential models 

The simplest model consists of 

H = ±^- + V(r u r 2 ,r s )- 



(E^) 2 
2 E, m > 



(19) 
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where V is a suitable translation-invariant interaction, 
the best known choice being the harmonic oscillator 



V(r u r 2 ,r 3 ) = — 



(20) 



where r.y = |r*j — r,|. The ground state is the minimum 
of H, which can be reached for instance by variational 
methods. For equal masses rrii = m, one can introduce 
the Jacobi coordinates 



2r, 



r 2 - ri 



r\ - r 2 



V3 



(21) 



and minimize approximately (| 19[) with the Gaussian trial 
wave function 



*o(p,A) = -J 



3/4 



exp 



> 2 



A 2 ) 



(22) 



which is the exact solution for ([20]) provided a = V Km. 

For the spin S = 3/2 baryons, this symmetric or- 
bital wave function is associated with a symmetric isospin 
wave function and a symmetric spin state such as | TTT)- 

For the nucleon, a mixed-symmetric spin doublet (here 
for S z = +1/2, 



I TIT) - I ITT) 2 HI) - I ITT) - I TIT) 

is combined to an isospin doublet (here for proton) 
f (udu) — (duu) 2(uud) — (duu) — (udu) 



(23) 



V2 ' V6 
in a spin-isospin wave function 

(S x h + S P I P )/V2 



(24) 



(25) 



which is symmetric under permutations. The extension 
to unequal masses is straightforward. 

It is amazing that simple potential models provide a 
good survey of ground-state baryons with various flavor 
content. If the potential V is taken as being flavor in- 
dependent, as suggested by QCD, then the Schrodingcr 
equation exhibits regularity and convexity properties 
(|Nussinov and Lampertl . l2002t iRichardl . Il992h . For in- 
stance, 



M QQq + M qqq < 2M Qqq if Q^q 



(26) 



2. From mesons to baryons 

In most papers dealing with potential models of 
baryons, a pairwisc interaction is assumed, 



1 



V(n,r 2 ,r s ) = ^^u(r^) , 



(27) 



for instance v(r) = a r — a/ r + b. It is then a rgued 
dGreenberg and Lipkinl. Il98lt lHan and _Nambul . 119651: 
IRichardl . 19811 : Stanley and Robson . 1980h that the po- 
tential between two quarks in a baryon is half the quark- 
antiquark potential in a meson. This result is exact 
for the one-gluon-exchange potential, or more gener- 
ally, any color-octet exchange, which contains an explicit 
Xi-Xj color operator, with expectation values —16/3 for 
3 x 3 ->■ 1 and -8/3 for 3x3-^3. This "1/2" rule also 
holds if two quarks are close together and seen by the 
third one as a localized 3 source which is equivalent to 
an antiquark. More generally, the t-channel color struc- 
ture of v contains a singlet and an octet. The singlet 
cannot contribute to confinement, otherwise all quarks 
of the universe would be tightly bound. The simplest 
ansatz is to assume a pure color octet exchange, and this 
is why a factor 1/2 is introduced in Eq. ([27]) . 

With this "1/2" rule, amazing Hall-Post type of in- 
equalities can be deri ved between m eson and baryon 
ground states masses ( Richard Il992l ). The simplest is 
for spin-averaged mass values 



M, 



Q q/2 < Mqqq I '3, 



(28) 



satisfied by, e.g., 0(1020) and ft" (1672). 

However, QCD suggests that the linear potential 
v(r) = <7 r acting on the quark-antiquark pair of mesons 
is not generalized as cr^ry/2 in baryons, but by the 
so-called F-shape potential 

V(r 1 ,r 2 ,rz)=amm{d 1 +d 2 + dz), (29) 

where di is the distance of a junction to the i th quark. 
Adjusting the location of the junction corresponds to 
the problem of Format and Torriccelli, whose general- 
ization to more than three terminals is called the mini- 
mal Steiner-tree problem. If an angle of triangle is larger 
than 120°, then the junction coincides with this vertex, 
otherwise it views each side under 120°, as shown in 
Fig. [Ml Unfortunately, V given by the F-shapc ([2"9")l 




FIG. 34 Three-quark confinement in the string limit. 

differs little from the result of the "1/2" rule, and one 
cannot probe this three-body dynamics from the baryon 
spectrum. The difference between the additive model 
V oc Xi.Xjv(r,ij) and the minimal-path ansatz (Stcincr 
tree) becomes more dramatic in the multiquark sector 
(IViiande et all 120071 ) . 



3. Hyperfine forces 

To explain why the A with spin 3/2 is above the nu- 
cleon of spin 1/2, and similarly S* > E, S* > S, etc., the 
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spin-independent potential V has to be supplemented by 
a spin-spin term, which is usually treated at first order, 
but sometimes non-pertubatively, after suitable regular- 
ization. 



a. Chromomagnetism The most popular m odel is the 
one-gluon-exchange ( De Ruiula et all Il975f ) , inspired by 
the Brcit-Fcrmi term of QED. A slightly more general 
formulation involves a chromomagnetic interaction of the 
form 



v. 



(<=) 



CM 



i<j 



mi rrij 



(30) 



where v ss is very short-ranged. One of the most striking 
success of chromomagnetism is the explanation of the 
E — A splitting. For both states, X^<j a %- a j = — 3 since 
we have an overall spin S = 1/2. However, for the A, 
this strength is concentrated into the light-quark pair, 
and thus the downward shift is more important, due to 
the m^ 1 mj 1 dependence of the operator ([3H)l . 

Another success is the prediction of the hyperfine split- 
tings when the strange quark is replaced by a quark with 
charm or beauty. While the E — A mass difference re- 
main large, the E* — E gap is much reduced. This is ex- 
actly the p attern observed for charm and beauty baryons. 
See, e.g., (|Richard and Taxill . [l98l for a study on how 
this effect depends on the assumed shape of the con- 
fining potential v(r). The subtle interplay between the 
m^ 1 mj 1 dependence of the chromomagnetic operator 
and the short-range correlation induced by the central 
potential has been analyzed for be auty baryons, leading 
to successful predictions. See, e.g., ( Kar liner et all [20081 ) 
and references therein. 



b. Instantons, good diquarks However, it has been 
stressed that chromomagnetism is not the unique so- 
lution. In par ticular, an instanton-induced interaction 
(1't Hooftl . [T976l) also accounts very well for the hyperfine 
splittings. See, e.g.. (lLoring et all l2001ri ISemav et all 



l200ll ; IShurvak and Rosnerl . Il989l) . It can be written as 



V ss 



i<j 



p[i,j]j,S=0 £(3) ( 



(31) 



with the projection on the spin S = state and on the 
antisymmetric flavor state for each pair. The dimension- 
less coupling <jy is stronger for light quarks than for [ns] . 
This explains the E — A mass difference, and other split- 
tings within the ground states. Of course, the instanton- 
induced interaction differs more strikingly from chromo- 
magnetism in the case of m esons, in particular f or pseu- 
doscalar and scalar mesons dKlempt et q/.l . ll995l) . 

An interesting co ncept has been introduced ( Jaffei . 
120051 ; IWilczekl . 12004 ). that of good diquarks with spin 
S — 0, which is lower in mass than its vector counter 



part with S — 1. For light quark, the favored pair is in 
an antisymmetric isospin state 1 = 0. Then the spectrum 
can be analyzed without referring to a specific dynami- 
cal model for the hyperfine interaction. However, this 
concept has been often associated to an extreme quark- 
diquark picture of baryon excitations, with many fewer 
levels than in the usual three-quark picture. Also, the 
concept of good diquark became rather sulfurous when 
associated to speculations about multiquark states which 
were neither supported by genuine few-body calculations 
nor confirmed by the data. We shall use here the con- 
cept of good diquark without endorsing its more extreme 
developments. 

Note that the diquark model was invented much ear- 
lier, and has bee n often redi s cover ed. For a historical 
survey, see, e.g., (|LichtenbereLll996h . 



c. Goldstone boson exchange In conventional potential 
models, one starts with a degenerate ground state near 
HOOMeV, and then a splitting between the N and the 
A is introduced. More recently, models have been devel- 
oped where one starts from a unique state near 2 GeV, 
and then in troduce a Goldstone - boson exchange (GBE) 
that reads, ( Glozman and Riskal . Il996| ) 



Vqge = 



1 



Air 4m;m, 



\F \F 

Aj . A j CTi. CTj X 



I «P(-Mro)_ 47rg(3)( } 



(32) 



which pushes down both TV and A but the former with 
larger strength. 

This interaction is inspired by the one-pion-exchangc 
potential in nuclear physics. However, in describing the 
nucleon-nucleon interaction, the contact term is usually 
neglected, as hidden by all uncertainties about the origin 
of the hard-core interaction at short distances. Here this 
is the reverse: the Yukawa tail plays a minor role, and 
the splitting of baryons is due to the contact term, which 
is regularized in explicit models exploiting this dynamics. 

We note in this approach an important flavor- 
dependence, as the pion does not couple to heavy quarks. 
It is not obvious how this interaction has to be adapted 
to the meson sector. 

The GB E model has been studied by several groups, in 
particular (iDziembowski et all [l99l ilVIelde aZ.1 . 120081: 
IValcarce et al , 19961 ). 



4. Improved pictures of ground-state baryons 

The naive quark model, with its non-relativistic kine- 
matics, frozen number of constituents, instantaneous in- 
teraction, etc., is far from being fully satisfactory. Sev- 
eral improved pictured have been proposed. We briefly 
review some of them. However, in a review devoted to 
baryon spectroscopy, we cannot set on the same footing 
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constituent models giving predictions for the whole spec- 
trum of excited states and sophisticated QCD-inspired 
studies which are restricted to the ground state or at 
most to the first excitations. 



a. Quark models with relativistic kinematics It is now 
rather customary to replace the non-relativistic contri- 
bution of constituent mass and kinetic energy, m + p 2 /2, 
by t he relativistic operator (m 2 -j - p 2 ) 1 ^ 2 . Examples 



are (Basdevant and Boukraal . Il986t ICapstick and Isgurl 
11986 ). This is more satisfactory, but does not solve the 
problems inherent to the choice of the dynamics. For in- 
stance, with a standard Coulomb-plus-linear interaction, 
the lowest nucleon excitation has negative parity. 

b. Relativistic quark models This is a more ambitious ap- 
proach, aiming at a covariant formalism, even though 
some approximations are eventually unavoidable in the 
calculations. A recent example is ( Melde et all l2008f ) 



and a benchmark i s the work by the Bonn group 
(iMetsch et all 120031 : iMigura et all . l2006al : lLoring et all . 
l2001aU blld\ whose starting point is the Bethe-Salpeter 
equation. Here, not only the masses and the static prop- 
erties can be estimat ed, but also t he fo r m factors and 
quark distributions (lHaupt et all . 120061 ; IMigura et all 
l2006bl : IVan Dvck et aZl I2008T) . 



c. The MIT bag model The MIT bag model stages mass- 
less or very light quarks moving freely inside of cavity 
of radius R which is adjusted to minimize the bag en- 
ergy. A goo d fit to the ground st ates of light baryons 
was achieved ( DeGrand et al\ . Il975h , and this model mo- 
tivated a variety of developments. However, the model 
does not permit an easy estimate of the excitation spec- 
trum. In particular, the center-of-mass motion cannot be 
removed explicitly. 

d. The bag model for heavy quarks The MIT bag model is 
not suited for heavy quarks. For heavy (QQ) or (QQQ), 
( Hasenfratz and Kutil . Il978h built a bag to confine the 
gluon field for any given quark configuration. The gluon 
energy is interpreted as the quark potential. Note that in 
the case of baryons ( Hasenfratz et adll980f ). this model 
leads to a F-shape interaction, as discussed above. The 
case of hadrons with both heavy and light q uarks is less 
easy. See, e.g., ( Bernotas and Simonisl , l2008h . for a recent 
update. 



e. The cloudy bag A problem with the MIT bag model 
is the discontinuity of the axial-vector current across 
the bag surface. Or in a more empirical point of view, 
two nucleons do not interact once their separation ex- 
ceeds twice the bag radius. Introducing a pion field 
arou nd the nucleon dBrown and Rhcl I1979D or even in- 
side ( Thomas et all Il98lh restores a more physical pic- 
ture. 



Starting from a bag of large radius R ~ 1 fm, one 
ends with a smaller radius R < 1 fm for the three-quark 
domain, and a pion field extending beyond 1 fm. In fact 
R is not sharply determined, and the Stony-Brook group 
got even variants with rather small radius 1 . In this limit, 
the details of the quark part become invisible: the quark 
core just serves a source of the pion field, and carries the 
baryon number, and one recovers the Skyrmion model 
and other soliton models. 

f. Skyrmions and other soliton models In this approach, 
the main emphasis is the coupling of meson to baryons. 
Hence the aim is less to perfectly reproduce the spec- 
trum of high excitations than to account for the low- 
energy interactions. For a survey, refere nces, and com- 
parison with experimental data, see, e.g., ( Karlineilll986t 
IWeigelfl98ll . There are many variants, in particular in 
the way of t reating strangene ss and heavier flavors. For 
instance, in ( Rho et all , Il992l ). the hyperons are consid- 
ered as bound states of a topological soliton and K, D 
or B mesons. 



g. Chiral perturbation theory and beyond There is an old 
idea by Weinberg and others, QCD is replaced at low 
energy by effective Lagrangians which share the same 
symmetries. The couplings are treated as free parame- 
ters and are used (consistently, i.e., at the same order 
in the expansion in powers of the momentum and quark 
masses) to calculate other properties. After fruitful de- 
velopments in th e phys ics of mesons ( Donoghue et all 
119891: lEcker et qZj.|l989h. thi s appr oach was also applied 
to nucleons ( Bernard et all Il995f) and became widely 
used. At small energies, chiral perturbation theory is ex- 
act. An extension to high er energies is possi ble by the im- 
plementation of unitarity ( Oiler et aZ.l . l200dt ). Further de- 
velopments include strangeness, in particular to describe 
the At /?- (1 405), and exac t gaug e invariance for photo- 
prod uction (jBorasov et all l2007t ). See, e.g., ( Bernard! 



120081) for a recent survey. 

h. QCD sum rules This beautiful app roach to non- 
pertu rbative QCD was initiated by I Shifman et all 
Il979l ) , and then developed by sev eral groups. For a sum - 
mary of early applications, see (jReinders et al ., 1985). 
The extension to baryons is non trivial, since several 
operators can be chosen to d e scribe a given state. Af- 
ter a pione ering paper |loffe . 198ll ). the situation was 



clarified in (jChung et all Il982t ) , and subs equent papers 
devoted to yarious flavor com binations ( Bagan et all 
Il993l Il994l : iDosch et all , Il989h . Recently, sum rules 
were ext ended to cover octet-decup let splittings of heavy 
baryons ( Albuquerque et all . l2009l ). 



1 In an ideal scenario, there is a perfect duality between the 
three-quar k and the pion field picture, named the "Cheshire-cat 
principle" (Nadkarni and Nielsen, 1986). 
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FIG. 35 The light hadron spectrum of QCD. Horizontal 
lines and bands are the experimental values with their decay 
widths. The lattice results are shown by solid circles. Vertical 
error bars represent the combined statistical and systematic 
error estimates, ir, K, and H masses input quantities. 
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The idea is to link, via the analytic properties, the 
perturbative domain of QCD, where calculations can be 
done exactly, and the non-perturbative domain, which 
can be described in terms of a few basic constants. These 
can be adjusted forming a few physical quantities, which 
can be used to calculate other quantities. 

i. Lattice QCD Here, QCD is reformulated as a field the- 
ory in a discretized phase-space and solved using very 
astute and powerful techniques which require, however, 
expensive computing means. In the domain of hadron 
spectroscopy, the best-known applications of lattice QCD 
are those dealing with glucballs and hybrid mesons, and 
also scalar mesons, but recently the physics of baryons 
has also been studied. Figure [35] shows the remark- 
able achievements of lattice QCD. Pion masses down to 
190 MeV were used to extrapo late to the physic al point 
and lattice sizes of up to 6 fm ( Purr et all . 120081 ) . 

Lattice techn iques have also be en applied to singlc- 



2001) and e v en to double- 
12004 iFlvnn et all . 



charm baryons (ILewis et 
charm baryons (|Brambilla et al 
l2003lb 



C. Phenomenology of ground-state baryons 

1. Missing states 

Almost all ground-state baryons containing light or 
strange quarks and at most one heavy quark are now 
identified. Still missing are the isospin partners S° and 
H° and the spin excitations (S = 3/2) of the recently 
discovered St and f^. 

The existence of £+(3519) is uncertain. Its predic ted 
mass (jFleck and Richardl . Il989t iKorner et al\ , 11994 ) is 
about 100 MeV larger and recent calculations give even 
larger mass values. As compared to a naive equal-spacing 



FIG. 36 Comparison of the excitation energy single-charm 
and single-beauty baryons above the A c (At mass. The 
quant um numbers are deduced from the quark model (jWohll 
1200881 ). For the fl b both D0 (top) and CDF (bottom) results 
ares shown as dotted lines. 



S cc is shifted down by the heavy-heavy interaction in the 
chromoelectric sector, see Eq. (j2"6")l . However, both p and 
A c are shifted down by the favorable chromomagnetic 
interaction among light quarks. 

As the (be) meson has been observed, one should be 
able to detect (beq) baryons with charm and beauty, with 
two 5=1/2 states in the ground state, and one S = 
3/2 state. Next will come the double-beauty sector, and 
ultimately, baryons with three heavy quarks. 

2. Regularities 

The masses exhibit a smooth behavior in flavor space, 
which is compatible with the expectation based on po- 
tential models incorporating flavor independence. More- 
over, "heavy quark symmetry implies that all of the mass 
splittings are independent of t he heavy quark flavor", 
to quote ( Isgur and Wisd . Il99lf ). A comparison is made 
on Fig. [35] of the known single-charm and single-beauty 
baryons. The comparison suffers from the small number 
of beauty baryons but it is clearly seen that the cost of 
single-strangeness excitation Sq — Aq is very similar for 
Q = c and Q = b. 

For the double-strangeness excitations, the $1^(6165)° 
of D0 is problematic. Most models predict fit, with 
mass of about 6050 MeV, 110-120 MeV lower than the 
observed mass. The measurement by CDF, 6054 MeV, is 
in better agreement with the expectations. 



for p(940), A+(2286) and 3 CC , the first correction is that 



3. Hyperfine splittings 

The hyperfine splitting is also varying smoothly from 
one configuration to another. Again, this is compati- 
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TABLE XIV Masses (in MeV) of A and E and E* baryons 
quoted from ijAmsler et al l l2008h . and mass gaps 5 Ad between 
J p = l/2 + baryons containing 'good' diquarks and J p =3/2 + 
baryons with all pairs in spin triplet. The quantum numbers 
of the heavy baryons are quark model predictions. 



1/2 


Mass 


1/2 


Mass 


3/2 


Mass 


A 


1115.68 ±0.01 


E° 


1192.64 ± 0.04 


E*° 


1383.7 ± 1.0 


SM 


[ud] = -271 




[us] = -191 




MeV 


A" 


2286.46 ±0.14 


E° 


2457.76 ±0.18 


E .o 


2518.0 ±0.5 


SM 


[ud] = -231 




[uc] = -60 




MeV 




5619.7 ± 1.7 


4' 


5811.5 ±1.7 


E *o 


5832.7 ± 1.9 


SM 


[ud] = -213 




[ub] = -21 




MeV 


~o 


2471.0 ±0.4 


1 — 1 c 


2578.0 ± 2.9 


' — c 


2646.1 ± 1.2 


SM 


[da] = -174 




[dc] = -70 




MeV 



ble with the mass dependence introduced in the chromo- 
magnetic model: an explicit m~ 1 mj 1 in the operator, 
which is partially cancelled out by the reinforcement of 
the short-range correlations when the masses increase. 
However, a similar pattern could be reached in other ap- 
proaches to hyperfme splitting. Figure |3"TI illustrates the 
regularities of the hyperfme effects in hyperons when the 
heavy quark is varied. 

The Eg — Eq is expected to vanish as Mq — > oo, with 
a Mq 1 in the limit where the change of the wave function 
is neglected. In this limit, the combination 2£q ± T,q — 
3Aq is expected to be constant, and this is rather well 
confirmed by the data, with about 613, 634 and 618 MeV 
for Q = s, c and b, respectively. 

To a good approximation, the hyperfme effect in the 
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FIG. 37 Mass difference between spin-3/2 baryons (A, E*, 
E*, S^) and spin-1/2 baryons. In spin-1/2 baryons, the light- 
light or a heavy-light quark pair can have spin zero. The 
spin-0 diquark is indicated by [9152]. The masses are drawn 
as a function of the inverse (constituent) quark mass. 



pair (71(72 is found independent of the third quark, this 
leadi ng to a variety of sum rules if taken serio usly. See, 
e.g., (|Franklinl . 120081 : iLichtenberg et all Il996h . Within 
the point of view of good diquarks, one can, indeed, 
measure the downward shift due to quark pairs in spin- 
singlet, starting from the S = 3/2 baryon where all pairs 
are in a spin triplet. As seen in Table IXTVl one obtains 
[ud] w 250 MeV, for [us] w 170 MeV, [uc] w 65 MeV, and 
[ub] w 20 MeV. 

4. Isospin splittings 

This was a subject of many investigations. Before the 
quark model, th e neutron to proton mass difference has 
been related by ( Cottinghaml . Il963h to electron-n ucleon 
scatt ering. In the quark model, as underlined in (Isgur, 
119801) . there are many contributions to mass differences 
within an isospin multiplcts, and the various terms of- 
ten tend to cancel. There are: the quark-mass difference 
ma — to„; the induced change of chromoelectric energy; 
the change in the strength of the chromomagnetic forces; 
the Coulomb repulsion; the magnetic interactio n; etc . 
The effects have b e en est imated by several groups (jlsgurl . 
Il980l: Varga et al. , 19991) and exte nded to heavy quarks 



( Franklin . 19991 : Lichtenbergl . Il977t ). There is also a con- 



tribution to isospin splittings from meson loops, with pi- 
ons and baryons in the loops having different masses and 
coupling s. This effect was emphasized recently for heavy 
baryons (|Guo et adl2008h . 



D. Models of baryon excitations 

While for the ground-state baryons, there is a variety 
of pictures, some of them being directly guided by QCD, 
for the excitation spectrum, one should still rely on ex- 
plicit constituent models, and among them the harmonic 
oscillator. 



1. Harmonic oscillator 

a. HO: equal masses This is the simplest model, corre- 
sponding to (fl"9"|) with all rrii = m and ([2TJ|) . Then the 
relative motion is described by 



P 



p 
m 



r 2 



Kp 



Pi 



KX 



(33) 



leading the energy spectrum 



(6 ± 2l p + 4n p + 2l x + 4n A ) 



(6 + 2N) 



(34) 

in an obvious notation for the orbital momenta Z Pi a = 
0, 1, . . . and radial numbers n Pt \ = 0, 1, . . . attached to 
each degree of freedom. The wave functions are also ex- 
plicitly known. For the ground state, it is the Gaussian 
(|2"2"|) . For excitations, it also contains a polynomial which 
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reflects the rotation and permutation properties and en- 
sure the orthogonality. 

Note the first radial excitation of the nucleon and A, 
a symmetric combination of the states with l p = l\ = 
and either n Pi ^ = (0,1) or (1,0) which is below the first 
negative-parity excitation. This will be further discussed 
in connection with alternative models and with the data. 



b. HO: unequal masses For baryons with one heavy 
quark, (qqQ), the masses are (to, to, M). The case of 
double-charm baryons is deduced by to <-> M. The 
second term in ([33|) has now a reduced mass \x with 
/.t _1 = (2A/ _1 + m _1 )/3 replacing to. Then the energy 
levels are modified as 



(3 + 2L 




(3 + 2h + 4n A ) (35) 



Hence the A excitation are lower than their p analogs 
for single-flavor baryons. For baryons with double flavor, 
the first excitation are within the heavy-quark sector. 
The wave function is a slight generalization of (|22p , with 
^Kjl\ 2 in the Gaussian and the corresponding 



V Kmp 2 
changes in the normalization. 

If the three constituents masses arc different, then the 
Hamiltonian describing the relative motion is still of the 
type 



El 

in, 



Kx 2 



^ + Ky 2 

m y 



(36) 



with x and y are combinations of the Jacobi variables 
p and A which are obtained, together with the reduced 



masses to 3 
matrix. 



and 



by the diagonalization of a 2 x 2 



2. Potential models 



If the potential V is not harmonic, the non-relativistic 
Hamiltonian Q19p can be solved numerically using power- 
ful techniques developed in nuclear physics, such as Fad- 
deev equations, hyperspherical expansion, or correlated 
Gaussians. While convergence is easily reached for the 
energy levels, some additional effort is usually required 
to measure the short-range correlations within the wave 
function. 

Some approximations can be envisaged, as an alterna- 
tive to the full three-body calculation. Some of them are 
purely technical, for instance truncating the hyperspher- 
ical expansion to the lowest partial wave. Some others 
shed some light on the baryon structure. For instance, 
doubly-flavored baryons (QQq) have clear diquark-quark 
structure, but the internal diquark dynamics is influ- 
enced by the third quark, an effect which is unfortu- 
nately often forgotten 2 . (QQq) can also be treated 



H2 + in atomic physics, with QQ moving in a Born 
Oppenhe imer potential gene r ated by the light degrees of 
freedom (|Fleck and Richard! . fl989h . 

It should be stressed that different models used for 
the intcrquark potential give similar ordering for the 
first levels. In the HO, the radial excitation energy is 
twice the orbital one. With a linear confinement, the 
ratio is smaller, but still the radial excitation remains 
above the or bital one, if the potential is lo cal and flavor- 
independent ( Hogaasen and Richardlll983l ). Pushing the 
radial excitation below the orbital one require drastic 
changes of the dynamics, like these of the OBE model. 



3. Relativistic models 

For relativistic models, the solution can be found by 
variational methods, i.e., by expanding the wave func- 
tion on a basis, usually chosen as containing Gaussians 
of different range parameters. The level order of the first 
levels is similar to the pattern found in non-relativistic 
models. 

For hig h orbital excit ations, an interesting result was 
obtained ( Martini . [T986) . The levels are well described in 
the semi-classical approximation. For low L, the lowest 
state is symmetric, all quarks sharing equally the orbital 
momentum. For higher L, there is a spontaneous break- 
ing of symmetry, and in the ground-state, two quarks 



have a relative l p = while the third quark takes l\ = L. 
Hence diquarks are generated dynamically at high L, 
even for a purely linear interaction. There is no need for 
short-range forces to form the diquark. With relativistic 
kinematics and linear confinement, both in the naive 1/2 
rule version (Eq. |2"T)) or in the more elaborate V-shape 
version (Eq. [29]) a linear Regge trajectory is obtained, 
with the same slope as for mesons. 



4. Regge phenomenology 

Th e Regge theory, first developed in ( Reggel . Il959l 
I1960D . connects the high energy behavior of the scat- 
tering amplitude with singularities in the complex an- 
gular momentum plane of the partial wave amplitudes 
in the crossed (t) channel. It is based on rather general 
properties of the S-matrix, on unitarity, analyticity and 
crossing symmetry. The simplest singularities are poles 
(Regge poles). According to the Chew -Frautschi con- 
jecture ( Chew and Frautschil . ll96l[|l96 2)), the poles fall 
onto linear trajectories in M 2 ,J planes. In the Regge 
theory, the i-channel exchange of a particle with spin 
J is replaced by the exchange of a trajectory. Reggc- 
trajectory exchange is thus a natural generalization of 
a usual exchange of a particle with spin J to complex 
values of J. The method established an important con- 
nection between high energy scattering and the spec- 



2 In the case of the harmonic oscillator, exactly 1/3 of the strength 



binding QQ is due to the third quark 
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trum of hadrons. There is a di scussion if Regge trajecto- 
ries are linear, parallel, or not ( Inopin and Sharovl . 20011 : 
iTang and NorburyL l2000t ). No systematic errors in the 
mass assignments were, however, included in these dis- 
cussions. We will assume linearity and do not see any 
significant deviation from linear trajectories. 

5. Solving QCD 

a. QCD sum rules, Lattice QCD In QCD sum rules or in 
lattice QCD, one can reach the ground-state configura- 
tion of any given set of quantum numbers, in particular 
the leading Rcgge trajectory. The difficulty is only to 
build the corresponding operators. 

The first excit ations of the nuc le ons h ave received 
much attention (jMelnitchouk et all 120031 ). With the 
large lattices available, one could presumably get access 
to the states on the leading Rcgge trajectory, each being 
the ground state in its J p sector. This is probably del- 
icate for the radial excitations, which are derived from 
the same operator as the lowest states and for which one 
should first remove the leading contribution of the ground 
state. The theoretical uncertainty is thus larger. The 
question is whether, when the light quark mass vanishes, 
one observes a change in the hierarchy of excitation, with 
the positive-parity excitation becoming lower than the 
negative-parity one. This is still con troversial. The latest 
results are, however, encouraging: (|Mathur et all 120051 ) 
compared the radial and orbital excitations of the nu- 
cleon as a function of the assumed light-quark mass m n , 
and found that the former is usually above the latter ex- 
cept for very small m n , where a crossing is observed, 
and thus the same ordering as the experimental one. 
This result indicates that the anomalous ordering is par- 
ticular to the light quark dynamics. It remains to be 
checked by other groups, with attention in particular to 
finite size effects (ISasaki and Sasaki 2005). Among the 
recent contri b utions , one may ci te ( Basak et all 2007 : 



Bulava et aH 120091: 



.Drach et ail , l2008t iMathur et al 
20051 : ISasaki et all I2005T ). In this latter article, excita- 
tions up to J = 5/2 have been studied. 



b. AdS/QCD A new approach to quantum field theory 
is presently pursued, the so-called AdS/CFT correspon- 
dence (Anti de Sitter/Conformal Field Theory), which 
establishes a duality between string theories defined on 
the 5-dimcnsional AdS space-time and conformal fiel d 
theories in physical space-time, see, e.g., ( Brodskvl . l2007t h 
It is assumed that the effective strong coupling is approx- 
imately constant in an appropriate range of momentum 
transfer, and that the quark masses can be neglected. 
Then QCD becomes a nearly conformal field theory and 
the AdS/CFT correspondence can be applied to QCD. 
The hadron spectrum and strong interaction dynamics 
can then be calculated from a holographic dual string the- 
ory defined on five-dimensional AdS space. For an appro- 
priate choice of the metrics, a semi-classical approxima- 



tion to QCD follows which incorporates both color con- 
finement and conformal short-distance behavior. Con- 
finement is parameterized by a cut-off in AdS space in the 
infra red region ("hard wall") (jPolchinski and Strasslerl 
l2002h . Applied to baryon sp ectroscopy, AdS/QCD yields 
a mass relation M oc L + N dBrodskv and de Teramondl . 



120081 : Ide Teramond and Brodskvi . l2005f) . where L and 
N are orbital and radial excitation quantum numbers 
corresponding to L = l p + l\ and N = n p + nA in 
quark models. Spin 1/2 and spin 3/2 baryons re- 
quire different AdS boundary conditions and lead to 
different offset masses. The predictions are shown in 
Fig. [38] The lower mass of nucleon resonances with 
S = 1/2 can be related to the effect of "good" diquarks 
(|Jaffe and Wilczekl . 120031 : IWilczekl . I2004T) : diquarks with 
vanishing spin and isospin arc energetically favored com- 
pared to "bad" diquarks. Of course, A resonances have 
isospin 3/2 and contain no "good" diquarks. Problems 
occur for A(1232) which is too low in mass and for 
A 1/2 - (1620) and A 3/2 - (1700) which are on the "wrong" 
trajectory. A 5 / 2 - (1930) is treated as spin 1/2 state with 
L = 3; in section IIV.F1 this state is combined with 
A 1/2 -(1900) and A 3/2 -(1940) to form a triplet with 
L = 1,S = 3/2, N = 1 quantum numbers in the third 
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FIG. 38 Light baryon orbital spectrum for N* (a) and A* (b). 
The lower dashed curves correspond to baryon states dual to 
spin- 1/2 modes in the bulk and the upper continuous curve 
to sta tes dual to spin-3/2 modes (|de Teramond and Brodskvi . 
120051 ). 
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A 9/2 + 

11 12 




L+N 

°^ 1 2 3 4 5 6 > 

FIG. 39 Regge trajectory for A* resonances as a function of the leading intri nsic orb i tal an gular momentum L and the radial 
excitation quantum number N (corresponding t o n\ + 712 in quark m odels) (jKlemptl . 120081). The line represents a prediction 
based on AdS/QCD correspondence (soft wall) (jForkel et all l2007al lbl) . Resonances with N = and N — 1 are listed above or 
below the trajectory. The mass predictions are 1.27, 1.64, 1.92, 2.20, 2.43, 2.64, 2.84 GeV for L + N = 0, 1, • • • 6, respectively. 



excitation band, ( de Teramond and BrodskvL 120051) re- 
quire the existence of a further to-be-discovered A state 
with J p = 7/2" at 1.9 to 2.0 GcV. 

The use of orbital angular momentum L to 
classify bar yon reson a nces has bee n often criti- 
cized, see dGlozmanl. 120091). and (jAfoninl . l2009t 



Ide Teramond and Brodskv , 20091 ) for a refutation. In 
non-relativistic models with anharmonic confinement 
and spin-dependent forces, and in relativistic models 
better suited for light quarks, each state contains a 
superposition of several angular momentum configura- 
tions. However quark models with the same constituent 
quark rest mass for all excitations arc probably not 
realistic. An alternative is, e.g ., the Nambu picture 
( Nambu and Jona-Lasiniol . 1 196lh where the mass of a 
hadron is distributed along a string connecting nearly 
massless quarks. Perhaps the total angular momentum 
L occurring in recent mass formulas reflects the length of 
the i nner flux tube linking t he quarks. 

In ( Forkel et ~al\. l2007allbT ). the mass spectrum of light 
mesons and baryons was predicted using AdS/QCD in 
the soft-wall approximation. The approach relies on de- 
formations of the AdS metric, governed by one free mass 
scale proportional to Aqcd and leads to the same bound- 
ary conditions for S = 1/2 and S = 3/2 baryons. Rela- 
tions between ground state masses and trajectory slopes 

M 2 = 4A 2 (L 

M 2 = 4A 2 (L 



N + l/2) 
N + 3/2) 



for mesons 
for baryons 



(37) 



were derived. Using the slope of the A trajectory, 
baryon masses were calculated. However, it is argued 
( Forkel et all [2fJ07bl ) that hyperfine interactions are not 
included in AdS/QCD and that the parameter A in (|3~T|) 
should be re-tuned. This changes the offset (the pre- 
dicted ground-state mass) and the Regge slope, and the 
resulting compromise might show problems for small and 
large angular momenta. 



The predicted masses for A baryons are plotted as a 
function of L + N in Fig. [39] which includes all resonances 
(except the one-star A 1 / 2 -(2150) which would fit well 
with quantum numbers L = 1,N = 2 and 2.2 GeV pre- 
dicted mass). The agreement is excellent and the remain- 
ing problems seen in Fig. 138b disappear. 

For nucleoli resonances, we need to keep track that 
some diquarks have spin zero and are in S-wave. Then 
Eq. (07]) is rewritten as (jForkel and Klemptl . I2009D 



M 2 = a ■ (L + N + 3/2) - b ■ a D [GeV 2 ] 



(38) 



with a = 1.04 GeV 2 and b = 1.46 GeV 2 . For the low- 
est states, ctB can be interpreted as the fraction of good 
diquarks and calculated explicitly from standard quark- 
model wave functions. In Table IXV1 the same an is 
assumed along a trajectory, and its coefficient b is tuned 
to reproduce the A(1232)-N (940) splitting. Also shown 
are the quark spin, the orbital angular momentum and 
the radial quantum number N. It is remarkable that the 
masses of all 48 N and A resonances are very well re- 
produced using just two parameters. One parameter is 
related to confinement and was already used to describe 
the A mass spectrum, the second one accounts for hy- 
perfine effects. It reduces the size of the nucleon by a 
fraction which depends on old- 

The precision of the mass calculated by Eq. (j3"5)) is 
by far better than quark model predictions even though 
the latter have a significantly larger number of parame- 
ters. The mean difference 8M/M is 2.5% for Eq. (|38j) . 
5.6% for the Capstick-Isg ur model (with 7 parameters) 
(|Capstick and Isgurl . fl986l ) . and 5.1% (5.4%) for the two 
variants of the Bonn model ( L5ring et all I2OOI0I) (5 pa- 
rameters). The Skyrme model ( Karlinerl . 19861 ) with 2 
parameters predicts only half of the observed states, with 
SM/M = 9.1%. The masses of Table |XlTI] were used for 
the comparison. 
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TABLE XV Nucleon and A resonances and suggested quan- 
tum numbers. The predicted masses are calculated using 
Eq. J3S). 



L 


N S 


OLD 




Resonance 






Pred. 





1/2 


1/2 


N 1/2+ (940) 








943 





1 1/2 


1/2 


JV 1/2+ (1440) 








1396 





2 1/2 


1/2 


tfi /a + (1710) 








1735 





3 1/2 


1/2 


AT 1/2+ (2100) 








2017 


1 


1/2 


1/1 


N 1/2 - (1535), 


jV 3/2 _ (1520) 






1516 


1 


1 1/2 


1/4 


JV 1/2 -(1905), 


N 3/2 - (1860) 






1833 


1 


2 1/2 


1/4 


7V 1/2 _(2090), 


N 3/2 - (2080) 






2102 


1 


3/2 





7V 1/2 -(1650), 


#3/2- (1700), 


#5/2- 


(1675) 


1628 


2 


1/2 


1/2 


Ar 3/2+( 1 720), 


#5/2+( 168 °) 






1735 


2 


3/2 





iV 1/2+ (1880), 


#3/2+( 1900 )' 






1932 


2 


3/2 
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#7/2+ 


(1990) 
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1/2 


1/1 
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2102 


3 
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2184 


1 
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5 
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1 3/2 
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A 3/2 _ (1700) 
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A 7/2 _(2200) 
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1 3/2 
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6. Hyperon resonances 

Little experimental informa tion is added since the re- 
view of ( Hev and Kellvl . Il983h . We just notice that the 
mass spectrum of strange baryons is well reproduced by 
adding a term 



E*(1385) 



^1(1232) = 0-40 [GeF 2 ] 



(39) 



to Eq. dSHD - The SU(3) f singlet states A 1/2 -(1405), 
A 3 / 2 -(1520), and probably A 7 / 2 -(2100) have good di- 
quark fractions ajj = 3/2. 



E. Baryon decays 

Hadron decays are a decisive element of any theory of 
strong interactions. The fact that so many resonances 
- expected in symmetric quark models - are missing in 
the data could find a natural explanation if the missing 
states have weak coupling only to iV7r. Indeed, this is 
what most models predict. 



1. Hadron decays on the lattice 

An intuitive understanding of hadron decays can be 
achieved by inspection of the potential energy between 
two static quarks. The energy can be described by the 
superposition of a Coulomb-like potential and a linearly 
rising (confinement) potential. At sufficiently large sep- 
arations, for R w 1.2 fm, the total energy suffices to pro- 
duce two (color-neutral) objects: string breaking occurs. 
String breaking in mesons can be simulated on a lattice 
(jMichaei 120061 ). Figure l40l displays the energy levels due 
to a qq and a two-meson system in an adiabatic approx- 
imation. In a hadronic reaction, the sudden approxima- 
tion — where the system follows the straight line — is 
more realistic, and mesons can be excited to large ener- 
gies. Similar calculations for baryons have not yet been 
made but the physics picture should remain the same. 



2. Models of hadron decays 

The operators responsible for strong decays of baryon 
resonances are unknown. Models need to be constructed 
with some mechanism in mind; this can be either elemen- 
tary meson emission from a baryon, quark pair creation, 
string breaking, or flux-tube breaking. In the latter three 
cases, a quark pair is created in a process which is of- 
ten modeled by assuming 3 Pq quantum numbers for the 
quark pair. A survey of models, t heoretical results and a 
comp arison with data is given by ( Capstick and Roberts! . 
2000). They conclude that none of the models does 
"what can be termed an excellent job of describing what 
is known about baryon strong decays. The main fea- 
tures seem to be well described, but many of the details 
are simply incorrect" . More recent widths calculations 




11 12 13 14 15 16 17 18 19 

r/a 

FIG. 40 Pair creation on a lattice, calculated for mesons. 
A sea quark-antiquark pair is created in the vacuum. At 
large distances, two-meson states are energetically preferred. 
For static quarks, the levels cross at some distance R (with 
a ~ 0.083 fm), the string breaking introduces mixing of the 
energy l evels defined by the potential V(R) and the threshold 
2m(B) (|Michaei[2006l ). 
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(jMelde et g/.l . l2005l ; ISengl et aZ.l . l2007t) confirm this state- 
ment. 

F. The band structure of baryon excitations 

The harmonic oscillator provides a frame to classify 
baryons resonances. Non-harmonic corrections, relativis- 
tic effects, and in particular spin-dependent forces induce 
splitting of degenerate states and mixing of states with 
the same total spin and parity J p but, of course, the 
number of expected states remains the same. In this sec- 
tion, the observed baryon resonances are mapped onto 
HO quark model states, in an attempt to identify classes 
of resonances which are missing. The systematic of ob- 
served and missing resonances may provide hints at the 
dynamics which lead to the observed spectrum of baryon 
resonances. 

We focus the discussion on excited states of nucleon 
and A, and include low-mass A and E. There is not 
much known on the quantum numbers of S and O 
baryons. An exception is the recent determination of the 
5^/?+ (1690) quantum numbers from A c — > (AA^)A' + de- 
cays ( Petersenl 120061 ) . A simil ar classificati o n of b aryon 
resonances was suggested by ( Melde et all |2008( ). For 



TABLE XVI The negative parity states of the first excitation 
band (D, L^) = (70, An x stands for a missing state. 



low-lying states, most assignments agree; discrepancies 
show that present data do not suffice to identify all states 
in a unique way. 

1. First excitation band 

The first excitation band (D,L P ) = (70, l^f) contains 
negative-parity resonances. With the SU(3)f decomposi- 
tion 



70 = 2 10 



'1, 



(40) 



we expect as non-strange baryons a SU(3)f-octet spin 
doublet, a SU(3)f-octet spin triplet (a degenerate quar- 
tet), and a SU(3)f-decuplet spin doublet. In Table IXVll 
the low-mass negative parity states are collected. The 
multiplet structure is easily recognized in the data. Con- 
figuration mixing is of course possible for states with the 
same J p . 

In the hyperon sector, a few expected states have 
not yet been observed. A missing state is indicated in 
Table IXVII by an x. Based on eqs. (|37fl39|) . we ex- 
pect all missing A and E states to fall into the 1750 
to 1850 MeV mass range. We have omitted the one-star 
E3/2- (1580). The Crystal Ball Collaboration studied the 
reaction K~p — > Air in t he cm . energy range 1565 to 
1600 MeV (jOlmsted et all 120041) . Their results disagreed 
strikingly with older fits which included the E 3 / 2 - (1580) 
resonance. Instead, they proved the absence of any rea- 
sonably narrow resonance in this mass range. 

In the A sector, the A 1/2 -(1405) and A 3/2 -(1520) 
are considerably lower in mass than A 1 / 2 -(1670) and 
A 3 / 2 -(1690). In quark models, this might be due to fa- 
vorable hypcrfinc effects acting on a pair of light quarks 
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with l p = and spin 0. There is also a copious lit- 
erature on the effect of coupling to dec ay channels , 
or multiquark compon ents in these states ( Choel . Il998t 
lOset and Ramosl . Il998[ ). 

A similar effect can be observed in heavy-flavor 
baryons. The mass difference between the A+ ground 
state and the first excited states (a doublet) is 
325 MeV, rather low for an orbital excitation. Like the 
Ai/ 2 -(1405), the two negative-parity states A+(2595) 
and A+(2625) benefit from the attractive spin-spin split- 
ting for the light quark pair. 

The classification of low-mass negative-parity states in 
Table IXVll is rather conventional. Nevertheless, we point 
out some trivialities. Pairs of states with J p = 1/2" 
or 3/2 _ can mix (see Eq. [1] in section IL"Cj) . The mix- 
ing angle bet ween the two l/2~ st ates was calculated 
to be -31.7° (jlsgur and Karj Il977h : for the two 3/2" 
states, it is 6°. The probability to find a S — 3/2 in 



the AT 1 / 2 -(1535) is cx sin 9i/ 2 - = 0.28, the mean mass 
separation between the triplet and the doublet is about 
150 MeV. A mixing angle of 30° does not prevent identi- 
fication of the leading component. 

In this spirit, we will try to identify leading compo- 
nents also for higher excitation bands. We are aware of 
the fact that with increasing mass, the predicted com- 
plexity of the spectrum increases dramatically, and mix- 
ing of states is expected to become a severe problem. 
Hence the assignments will become more and more spec- 
ulative. The reason why we include a discussion on 
higher excitation bands are three-fold: first, there are un- 
expected clusters of resonances of different spin-parities 
(but forming spin multiplets) spanning a narrow mass 
interval. Second, the observed multiplets can be ar- 
ranged into a small number of (D, L p ) supermultiplcts 
which sometimes are completely filled while others re- 
main empty. And third, the observed multiplets can be 
characterized by L and N, just those variables which re- 
sult from AdS/QCD. 
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2. The second excitation band 

In the HO model, the second excitation band contains 
states with cither two units of angular momentum or one 
unit of radial excitation, with proper antisymmetrization 
in the case of identical quarks: 



(D,L P ) 
(D,L P ) 



(56,2+) , (70,2+) , (41a) 
(20,1+), (41b) 
(56,0+), (70,0+), (41c) 



with either (l p , l x ) = (0, 2) and (2, 0) yielding the (56, 2+) 
multiplet, or with l p ,l\ = 1,1 coupling to L = 0,1,2 
yielding (70,2+), (20,1+), and (70,0+). The (56,0+) su- 
pcrmultiplct comprises the first radial excitations with 
(n p ,n x ) = (0,1) or (1,0). Both multiplets with L p = 
contain nuclcons with spin-parity 1/2+, while for decu- 
plet states, J p = 3/2+ for 56-plet members and J p = 
1/2+ for 70-plet members. 

We begin with (D,L P ) = (56,0+). The most contro- 
versial state is the Roper resonance N\/2+ (1440). In the 
HO model, it is degenerate with other N = 2 states, 
but in the experimental spectrum of the nucleon and 
A, it is almost degenerate, and even slightly below the 
N = 1 states with negative parity. Anharmonic cor- 
rections push this state down, and this perturbative 
result is confirmed in the hy percentral approximation 
( Hogaasen and Richard! . 119831) . which is a better approx- 
imation to confinement that is not quadratic. Even in 
exact treatments of the three-body problem, but with lo- 
cal, flavor independent potentials of confining type, the 
Roper resonance comes always above the first negative- 
parity states. 

The "wrong" mass of the Roper resonance has initi- 
ated a longstanding debate if it is dynamically gener- 
ated or if it is the nucleon first radial excitation and a 
quark-model state. We think it is both. An enlight- 
ening discussion of the (im-) possibility to distinguish 
meson-me son molecu les from four-quark states can be 
found in (|Jaffd . I2007T ). In Table E3EII1 the lowest-lying 
resonances having the same quantum numbers as their 
respective ground states and the mass square distance 
to them are listed. In colloquia, Nef kens calls them 
Roper, Lopcr, Sopcr, Xoper, and Doper ( Nefkensl . l200lh . 
to underline that they play similar roles. If the Roper 
resonance should be generated by Att dynamics with- 
out any relation to the quark-model (D,L P ) = (56,0+) 
state, 1^/2+ (1660) and S 1 / 2 +(1690) could be generated 
by the same mechanism (making use of S3/2+ (1385)7r and 
S3/2+ (1530)7r). But there is no analogous mechanism 
which would lead to A 1 / 2 +(1600) and A 3 / 2 +(1600). Un- 
derstanding 7V 1 /2+(1440) from the interaction of mesons 
and baryons is an important step in understanding 
baryons and their interactions; S-wave thresholds may 
have an important impact on the precise location of poles 
and on the observed branching ratios. The pattern of 
states and their approximate mass values seem, however, 
not or hardly affected. 



TABLE XVII Members of the (D, L^) = (56,0+) and 
(D,L^) — (70,0+) multiplets in the second excitation band 
and mass square difference (in GeV 2 ) to the respective ground 
state. The expected values for the mass square differences are 
1.08 and 2.16 GeV 2 , respectively (see Eq. (J3TJ) and Table lXV) . 



56, 8; 1/2 AT 1/2+ (1440) A 1/2+ (1600) £ 1/2+ (1660) S 1/2+ (1690) 
SM 2 1.19±0.11 1.31± 0.11 1.34±0.11 1.13±0.03 



56, 10; 3/2 A 3/2+ (1600) 
SM 2 1.04 ±0.15 



70, 8; 1/2 A r 1/2+ (1710) A 1/2+ (1810) £ 1/2+ (1770) 
SM 2 2.04±0.15 2.03± 0.15 1.72 ± 0.16 



70, 10; 1/2 A 1/2+ (1750) 
SM 2 1.54 ±0.16 



S 1/2+ (1880) 
2.12±0.11 



Commonly, A r 1 / 2 +(1710) and A!/ 2 +(1750) are candi- 
dates assigned to (D,L P ) = (70,0+), and £i /2 +(1880) 
belongs to it as well. These baryons represent a new 
class: the two angular momenta l p and l\ are both one 
and couple to zero. / 2 + (1710) could also be assigned 
to the forth excitation band, with 2 units of radial excita- 
tion, but this interpretation is forbidden for A 1 / 2 +(1750) 
and unlikely for S 1 / 2 +(1880). The former is a 1-star 
resonance, the latter one has two stars; the PDG en- 
try E!/ 2 +(1880) represents all claims above £i/ 2 +(1770). 
Supposing their existence, we interpret the three states 
as members of the (D,L P ) = (70,0+) multiplet. 

We now turn to (D,L P ) = (56,2+). In the nucleon 
spectrum, there should be (at 1.62 GeV) a spin doublet, 
in the A spectrum a spin quartet (at 1.92 GeV). These are 
all readily identified in the spectrum (see Table IXVIIII) . 
For the A and £ excitations, the corresponding states 
should be at 1.84 GeV and 2.03 GeV. All but one state 
are observed. 

The situation is more difficult for (D,L P ) = (70,2+). 
We expect a spin doublet (1.78 GeV; 1.90 GeV) and a 
spin quartet (1.92 GeV; 2.03 GeV) of octet states (mass 
estimates are for non-strange and strange baryons). The 
anchor forL = 2,S' = 3/2 states are those having J p = 
7/2+. These are the 2-star 7V 7/2+ (1990) and the 1-star 
A 7 / 2 + (2020). The nucleon quartet can be completed, the 
A quartet misses two states, and there is no evidence for 
a second £ quartet. Most of the states have 1 or 2 stars, 
except the 3-star A 5 / 2 +(2110). 

The interpretation of E3/ 2 +(2080) £ 5/2 + (2070), and 
£7/2+ (2030) is ambiguous; in Table IXVIIII these states 
are assigned to the decuplet but they may as well be octet 
states. As 56-plet, they are strange partners of the quar- 
tet of A resonances mentioned above which are observed 
clearly in irN scattering. As 70-plet, they would be 
partners of the more elusive Aq/ 2 +(1880), N 3 / 2 + (1900), 
A^ 5/2 +(1870), and A 7/2+ (1990). 

In the second excitation band, the 56-plet is nearly 
complete and most states are well established. Spatial 
wave functions can be constructed which require exci- 
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TABLE XVIII (D,Lfi) = (56,2+), {D,L%) = (70,2+), and 
(D, 1,^) = (20, 1 + ) resonances in the second excitation band. 



D' 


s 


J = 1/2 J = 3/2 J = 5/2 J = 7/2 


00, o 


1/2 


A7 3/2+ (1720) 7V 5/2+ (1680) 


OD, o 


1/2 


A 3/2+ (1890) A 5/2+ (1820) 


56, 8 


1/2 


E 3/2+ (1840) £ 5/2+ (1915) 


56,10 


3/2 A 1/2+ (1910) A 3/2+ (1920) A 5/2+ (1905) A 7/2+ (1950) 


56,10 


3/2 


x E 3/2+ (2080) E 5/2 + (2070) E 7/2+ (2030) 


70, 8 


3/2 


7V 1/2+ (1880) 7V 3/2+ (1900) Af 5/2+ (1870) N 7/2+ (1990) 


70, 8 


3/2 


x x A 5/2+ (2110) A 7/2+ (2020) 


70, 8 


3/2 


x xxx (E) 


70, 8 


1/2 


x x (JV,A,E) 


70,10 


1/2 


x x (A, E) 


20, 8 


1/2 


x x (AT,A,E) 



tation of one oscillator only. The 70-plet spatial wave 
functions have components in which a single oscillator is 
excited and components with both oscillators being ex- 
cited. Several candidates exist, mostly however with 1- 
or 2-star status. 

In the non-strange sector, four supermultiplets, under- 
lined in Eq. 2TJ are nearly full while the (D, L^) = 
(20, ljj" ) multiplet is empty. It has an antisymmetric spa- 
tial wave function which is p x A ipQ in the HO model. 
Clearly, the wave function has no component with only 
one oscillator excited. Assuming (somewhat deliber- 
ately) that in irN scattering and in production experi- 
ments, only one of the oscillators is excited, we can "un- 
derstand" the absence of this state in the observed spec- 
trum, provided mixing with nearby states having identi- 
cal quantum numbers is small. 

3. The third excitation band 

In the third band, the number of expected states in- 
creases significantly. In the harmonic oscillator basis, the 
following multiplets are predicted: 

(D, LjP) = (56,13) , 2 x (70, 13 ), (20, 13-), (42a) 
(A^n) = (70,23), (42b) 
(D,£n) = (56,33-), (70,33-) , (20,3a), (42c) 

Thus, 45 N* and A* resonances are expected while only 
12 resonances are found in the 1800 to 2300 MeV mass 
range. Most of them are decorated with 1 or 2 stars, 
and some of them will be assigned to the fifth band. All 
candidates belong just to the two underlined multiplets. 
The breakdown into states of defined spin and parity is 
given in Table ES 

We first look for nucleon resonances with mass be- 
low 2.3 GeV and large angular momenta. These are 
iV 7/ 2-(2190) and N 9/2 - (2250). Based on the Regge 



TABLE XIX Number of expected states in the third exci- 
tation band and observed states in the 1.8 to 2.4 GeV mass 
range (N and A). 



exptd 
obsvd 


N1/2- 
7 
2 


^3/2- 

9 
2 


JV5/2- 
8 
1 


N 7/2- 
5 
1 


^9/2- 
1 
1 


cxptd 
obsvd 


3 
2 


A 3/2- 

5 
1 


A 5/2- 

4 
2 


A 7/2- 
2 
1 


A 9/2- 
1 
1 



trajectory of Fig. [39l we assign L = 3 to both of 
them. We propose the assignments of Table IXXI 
as (D, L^) = (70, 3 3 ) states: A r 9/2 -(2250) is a 4-star 
"stretched" state with L = 3,S = 3/2; these often leave 
a more significant trace in the data then states which 
would fall onto a daughter Regge trajectory. Likewise, we 
propose N 7 / 2 - (2190) to have L = 3, S = 1/2 with spin 
and orbital angular momenta aligned. The two states 
N 5/2 - (2200) and N 7/2 - (2190) could also be members of 
the spin quartet. The N 5 / 2 - (2070) is observed, jointly 
with ^^-(1535) and A^ 3 / 2 +(1720), t o have strong cou- 
pling to Nn. The pattern is used in (jBartholomv et all . 
l2007t ) to argue that the state has S = 1/2. The two 
resonances N x / 2 - (2090) and N 3 / 2 - (2080) are tentatively 
interpreted as second radial excitations and are assigned 
to (D,L£) = (70,1£-). 

There is a striking sequence of negative-parity A 
states in the 1900-2000 MeV region, the A 1/2 -(1900), 
A 3/2 -(1940), and A 5/2 -(1930) resonances. They could 
belong to two different doublets with L = 1 and L = 3; 
the partner of A 5/2 - (1930) would then be A 7/2 - (2200). 
In view of the absence of a large L ■ S splitting in other 
cases, the mass separation seems rather large, and we do 
not follow this path. A future discovery of a 7/2~ state 
below 2 GeV - as predicted by Glozman (pr. comm.) - 
would lead to a different interpretation. 

We assign the three states to a triplet in the 
(D, Lft) = (56, 13-) multiplet. The triplet is separated in 
mass square from the doublet Ai/ 2 - (1620), A 3 / 2 - (1700) 
by 0.94 GeV 2 (which is similar to the AT(1440)-iV(940) 
mass square difference). If this is true, there must be a 
spin doublet nucleon pair of resonances with J = l/2~ 
and J = 3/2~ below 1.9 GeV (to allow for a mass shift by 
a finite good-diquark fraction). This pair indeed exists, 
even though with debatable confidence. The states arc 
listed in Table |XX] The 56-multiplet is full. 

The assignment of the three states A 1 / 2 -(1900), 
A 3 / 2 -(1940), and A 5 / 2 -(1930) assumes that they are 
of the same kind. For quark models, they are 
found a t a rather low mass , M « 2200 MeV is ex- 
pected. (jGonzalez et aLl . [2009[ ) suggest to explain at least 
A 5 / 2 -(1930) as pA bound state while the other two are 
predicted to have a large pA component. 

Docs this finding imply that we can neglect 
A 5 / 2 -(1930) for our discussion of quark model states? 
We do not believe so. Chiral dynamics is an important 
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TABLE XX The negative parity states of the third excitation 
band {D,L%) = (56, 1J) and (D,Lfi) = (70,3a). 



D;s 


J = 


= 1/2 J = 


= 3/2 J = 


: 5/2 


56,8; 1/2 


^1/2- 


-(1905) 7V 3/2 - 


-(I860) 




56, 10; 3/2 


A l/ 2 - 


-(1900) A 3/2 . 


-(1940) A s/2 _ 


(1930) 


D;s J 


= 3/2 J -- 


= 5/2 J = 


= 7/2 J = 


: 9/2 


70,8; 1/2 


N 5/2 - 


-(2070) iV 7/2 - 


-(2190) 




70, 8; 3/2 




- (2200) 


x N 9/2 - 


(2250) 


70, 10; 1/2 




x A 7/2 . 


- (2200) 





tool to understand properties of baryon (and meson) res- 
onances. But it addresses the same objects. The famous 
N1/2- (1535) can be understood as dynamically generated 
resonance. But it is a quark model state as well. Res- 
onances are not independent of their decays, they can 
often be constructed from their decays, but this does not 
imply that they are supernumerous from the quark model 
point of view. 

Ag/2- (2400) has a mass which makes it unlikely to 
have (dominantly) L = 5 intrinsic orbital angular mo- 
mentum. With L = 3, it needs a quark spin 5 = 3/2. 
Using quark model arguments only, A 7 / 2 -(2200) and 
A 9/2 - (2400) could both be (D, Lfi) = (56, 3g ) multiplet 
members. However, there is a 200 McV mass differ- 
ence between the two states and, in view of Fig. [39l 
we assign A 7/2 - (2200) to the (D, L£) = (70, 3jf ) and 
A 9/2 -(2400) to (D,Lfi) = (56,3^). We thus pro- 
pose that odd-angular-momcntum A states are in a 56- 
plet if and only if there is a simultaneous excitation 
of the radial quantum number. The A 5 / 2 -(2350) res- 
onance could be a spin partner of either A 7 / 2 -(2200) or 
Ag/2- (2400), or the entry may comprise two resonances. 
The A 1 / 2 -(2150) is the third state with these quantum 
numbers. It might be a second radial excitation and be- 
long to (D,LjP) = (70,1s). 

4. Further excitation bands 

In the forth band, the number of states is exploding 
while data are scarce. Expected is a large number of 
multiplets ([4"5]). 

(D,L%) = 2 x (56,0+), 2 x (70,0+), (43a) 

(D,L P ) = (20,1+), (70,1+), (43b) 

(D,L?) = 2 x (56,2+), 3 x (70,2+), (20, 2+),(43c) 

(D,L?) = (70,3+), (20,3+), (43d) 

(D, l£) = (56,4+) , 2 x (70, 4+), (43e) 

while only few of them are found (Table IXXIj) . The large 
number of expected states is one of the unsolved issues 
in baryon spectroscopy. It is known as the problem of 



TABLE XXI Number of expected states in the forth exci- 
tation band and observed states in the 2.1 to 2.5 GeV mass 
range (N and A). 
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the missing resonances. Equation ()43|) gives the decom- 
position of expected states into multiplets. While 93 TV 
and A resonances are expected, 4 are found. All four ob- 
served states, 7Vg /2 +(2220), A 7/2 +(2390), A 9/2+ (2300), 
and A n / 2 +(2420), when interpreted as I = 4 5 = 1/2 
nucleon and 5 = 3/2 A resonances, belong to the 
(D,L^) = (56, 4+) supermultiplet, in which only two 
states, a N 7 / 2 + and a A 5 / 2 +, are missing. 

The spectrum continues with A 5 / 2 -(2350) and 
A 9/2 - (2400) (L = 3, = l), N 11/2 - (2600) (L = 5, A^ = 
0) in the 5 th , with A 13 / 2 +(2700) and A 15/2 +(2950) (L = 
6, AT = 0) in the 6 th , and A 13/2 -(2750) (L = 5, N = 1) 
in the 7 th band. The number of expected states increases 
dramatically. We conjecture that at high masses, beyond 
2.3 GeV, all observed nucleons have J = L + S have spin 
1/2 and all A resonances, spin 3/2. 

5. Dynamical conclusions 

In the low-mass region, in the first excitation shell, 
the quark model gives a perfect match of the number 
of expected and observed states. Starting from N = 2, 
only states are realized in which the p and the A oscil- 
lator are excited coherently (e.g., with a wave function 
cx p 2 + A 2 ) while states with both oscillators excited si- 
multaneously (e.g., with a wave function cx p x A) have 
not been observed. If mixing were important, their ab- 
sence in the spectrum would pose a severe problem for 
any quark model. 

Positive-parity nucleon resonances with L = 2, S = 
3/2 will have J p = 7/2+; indeed, a two-star A 7/2 + (1990) 
exists. Above, there is a A r g/ 2 +(2220) but no 11/2+ part- 
ner which should exist if A 9 / 2 + (2220) had L = 4, S = 
3/2. Instead it likely has L = 4, S = 1/2. Likewise, 
N13/2+ (2700) exists but no 15/2 + nucleon, and we assign 
L = 6,5 = 1/2. The four states AT(940), A^ 5 / 2 + (1680), 
A9/2+ (2220), and A 13 / 2 + (2700) belong to the leading nu- 
cleon Regge trajectory. 

Negative-parity nucleon resonances with the largest 
total angular momenta (in a given mass interval) are 
Af 5/2 -(1675), A 9/2 -(2250), N n/2 - (2600), where the for- 
mer two resonances obviously have L = 1 and L = 3 and 
5 = 3/2, and the latter one L = 5,5 = l/2. We conclude 
that for up to L — 3, nucleon resonances can have spin 
5 = 1/2 or have spin 5 = 3/2 while for high masses, the 
observed nucleon resonances have spin 5 = 1/2. 
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TABLE XXII Observed multiplets at large angular momenta 
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High-spin positive parity A resonances are readily 
identified as A 3/2+ (1232), A 7/2+ (1950), A 11/2+ (2420), 
A 15/ 2+(2950) with L = 0,2,4,6 and S = 3/2 as leading 
contributions (and possibly some small higher-!/ compo- 
nents). The observed positive-parity A resonances can all 
be assigned to spin S = 3/2 multiplets. The A 1 / 2 + (1750) 
resonance is the only positive-parity 7 = 3/2 resonances 
which belongs to a 70-plet. 

The negative-parity sector is a bit more complicated. 
A resonances with L = 1, S = 3/2 are forbidden for 
n\ = 0, and resonances have either S = 1/2, n\ = 
(and belong to a 70-plet) or S = 3/2, n\ = 1 (and belong 
to a 56-plet). For L = 3, A resonances still have cither- 
s' = 1/2, n\ — and belong to 70,3^", or they have 
S = 3/2, n\ = 1 (56, lg ) even though HO wave functions 
do not forbid either S = 3/2, n x = (56, 3g ) or S = 1/2, 
n x = 1 (70, 13 ). For L = 5, only S = 3/2 and n x = 1 is 
observed. 

In summary, most observed A resonances fall into 56- 
plets, in 70-plets A resonances are seen only up to the 
third shell. Nucleoli resonances above the third shell are 
in a 56-plet when they have positive, in a 70-plet for 
negative parity. There are no states which would need 
to be assigned to a 20-plct. In other words, the experi- 
mentally known resonances above the third shell can be 
described by a diquark in S-wave (with the p-oscillator 
in the ground state) and the A oscillator carrying the full 
excitation. 

This rule leads to a selection of allowed multiplets 
which are summarized in Table [XXIII 



G. Exotic baryons 

The search for exotic mesons, spin-parity exotics and 
crypto-exotic states, has been a continuous stimulation 
of the field. Examples are the 7i"i(1400) and 7Ti(1600) 
mesons with J = 1 h (quantum numbers which can- 
not come from qq), the flavor exot i c states Z ± (4050) , 
^(4 248), and £±(4430) (|Abe et al 1 120081; iMizuk et all 
[2008t ) (decaying into a pion and a cc resonance), 
or mesons like / (980), a (980), /o(1500), X(3872) 
(lAbe et all [2008) which have attracted a large number 
of theoretical papers trying to understand their nature 
either as quarkonium states or as crypto-exotic states, 
as glueballs, as weakly or tightly bound tetraquarks 
or as molecular states (among other more exotic inter- 
pretations). The existence of exotic mesons as addi- 
tional states in meson spectroscopy is not beyond doubt: 



dKlempt and Zaitsevl . 12007ft for a critical and 
(jCrede and Meve rl. l2009D for a more optimistic view. 

Intruders into the world of baryons would be identified 
unambiguously when they have quantum numbers which 
differ from those of qqq baryons. There are no spin-parity 
exotic quantum numbers in baryon spectroscopy, but fla- 
vor exotic states (containing an antiquark in the flavor 
wave function) might exist. Most discussion is directed 
to the question if crypto-exotic baryons exist. 

Examples of baryons which may deserve an interpre- 
tation beyond the quark model are A r 1 / 2 +(1440) which 
is found at an unexpectedly low mass, N 1 / 2 - (1535), 
a resonance which is observed at the expected mass 
but with an unusual large decay branching ratio to 
Nn, and the A 1 / 2 -(1405) and A 3 / 2 -(1520) resonances 
with their low mass and unusual splitting. A consis- 
tent dLiu and Zoul. 120061; IZoul 120081) - even thou gh con- 
troversial (Sibirtsey. Haidenbauer. and Meifinerl . 120071) . 
(|Liu and Zoul . l2007t) - picture for these possibly crypto- 
exotic baryons ascribes the mass pattern to a large qqqqq 
fraction in the baryonic wave functions. 

1. Pentaquarks 

The question of the existence of multiquark hadrons 
has been raised at the beginning of the quark model, and 
is regularly revisited, either due to fleeting experimen- 
tal evidence or to theoretical speculations. In the late 
60 's some analyses suggested a possible resonance with 
baryon number B = 1 and strangeness S = — 1, opposite 
to that of the A or E hyperons. 

In 1976, a stable dihyperon H was proposed ( Jaffd . 
Il977h . whose tentative binding was due to coherence in 
the chromomagnetic interac tion. In 1987, Gignoux et al. , 
and, independently, Lipkin ( Gignoux et a/J . ll987tliTipkml . 
119871) showed that the same mechanism leads to a stable 
(Qq 4 ) below the threshold for spontaneous dissociation 
into (Qqj + iq 3 )- This calculation, and Jaffe's for his H — 
(u 2 d 2 s 2 ) gave 300 MeV of binding if the light quark are 
treated in the SU(3) / limit (and Q infinitely heavy for the 
pentaquark) and if the short-range correlation (S^ 3 '(rij)) 
is borrowed from ordinary baryons. However, relaxing 
these strong assumptions always goes in the direction 
of less and less binding, and even insta bility. The H 
was searched for in dozens of experiments ( Ashervl . Il996l) . 
The 1987-vintage pentaquark was searched for b y the 
experiment E791 at Fermilab, ( Aitala et all fl998l) . but 
the results are not conclusive. 

Some years ago, a lighter pent aquark was found in pho- 
toproduction, called 9+ (1540) (jNakano et aLl . l2003l) . in- 
spired by the beautiful theoretical speculation in a chi- 
ral soliton m odel predicting an (an ti-) decuplet of nar- 
row baryons ( Diakonov et all Il997l ). following, in turn, 
a number of earlier papers. The + (154O) was con- 
firmed in a series of low-statistics experiments. The 
decuplet was en riched by the doubly charged $(1860) 
(lAlt et all I2004D : the missing members were identified 
with ^^+(1710) and E 1 / 2 +(1890). A narrow peak in 
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the pD* and pD* + distributio ns signaled a baryo n with 
an intrinsic c-quark, 9°(3100) (jAktas et aZ.l . l2004h . 

These observations initiated a large number of fur- 
ther experim ental and theo r etical studie s which wer e 
reviewed by (|Dzierba et all l2005h and (|HicksL l2005h . 
Recent experiments had partly a very significant in- 
crease in statistics but no narrow pentaquark state was 
confirmed, ft it exists, the O + (1540) must be very 
narrow: from the absence of a signal in the reaction 
K + d — > K°vp, an upper limit of about 1 MeV can be de- 
rived ljCahill2004lSibirtsev eFal] , 12004 [Workman et all , 
l2004h . The list of experiments and upper lim its for 
pentaq uark production can be found in PDG (jWohll . 
l2008bl) from where we quote the final conclusion: The 
whole story - the discoveries themselves, the tidal wave 
of papers by theorists and phenomenologists that fol- 
lowed, and the eventual "undiscovery" - is a curious 
episode in the history of s cience. The evid ence for a 
pentaquark interpretation (|Kuznetsovl . l2008t) of a nar- 
row peak in the nn invariant mass spectrum at 1680 MeV 
is weak; the peak is observed in photo production of 
77-mesons off neutrons in a deuteron (iFantini et all 
l2008t iJaegle et all [2008; K uznetsovl . 120071) but the data 
are not really in conflict with standard properties of 
N 1 / 2 - (1535) and A r 1 /9-(1650) and interference b etween 
them (jAnisovich et all l2009t iDoring et ai\ . l2009h . 



2. Dynamically generated resonances 

A number of baryon resonances has been suggested to 
be due to the dynamics of the meson-baryon interaction. 
Before entering a discussion of individual cases, we spec- 
ify different views of the meaning of "dynamically gen- 
erated resonances". The A(1 232) resonance, e.g., c an be 
considered as ttN resonance (IChew and Lowl . ll956h . and 
this remains the most efficient tool to describe 7r-nucleus 
scattering, as a propagation of A-hole excitations. Al- 
ternatively, the A(1232) is easily described in the quark 
model, mainly as a state of three light quarks, (qqq), 
with spins aligned, but its higher Fock states certainly 
accounts for an overlap with ttN. Some quark mod- 
els are supplemented by expli cit accounts for had ron- 
hadron components, as e.g., ( Viiande et all |2008| ) for 
mesons with charm and strangeness. Years ago, a model- 
independent analyses of the effect of hadronic loops wa s 
proposed by ( Tornqvist and Zenczvkowskil Il98~il . Il986f ). 

When a resonance is close to the threshold for an im- 
portant decay mode, in particular for decays into two 
hadrons in S-wave, the molecular component can become 
large. For the A(1232), this is mostly a matter of taste 
whether it is first described as a quark state acquiring 
hadron-hadron components, or built first from the inter- 
action of its decay products, i.e., generated dynamically. 

The problem becomes of course much more deli- 
cate when dynamical resonances are predicted atop the 
quark-model states, or when the light quark baryons 
are disregarded altogether and replaced by a systemat- 
ics of meson-baryon excitations. A convincing formal- 



ism is available: an effective field theory in terms of 
hadrons, with the symmetries of QCD, and coupling ad- 
j usted by fitting the lo w-ener gy str ong-interaction data 
(|Gasser and Leutwvlerl . Il984l . Il985h . However, it is not 



obvious which spectrum would emerge. 

Dynamically generated states can possibly be identi- 
fied by a study of their behavior as a function of the num- 
ber o f colors ( Lutz and Kolomeitsevl . 120021 ). ( Hanhartl . 
|2008[ ) points out that the analytic structure of the meson- 
baryon scattering matrix at important thresholds is dif- 
ferent for (tightly-bound) qqq states and (weakly-bound) 
molecular states, and this provides a means to identify 
the nature of a resonance. Chiral dynamics with unitar- 
ity constraints and explicit resonance fields have provided 
a very good picture of meson-nucleon scattering. When 
such a formalism is implemented, additional resonances 
(genuine quark-model states) are sometimes no longer re- 
quire d to fit the data, see, e.g., ( Ddringj . 12004 iMeifineij . 
I2000D . 

We now turn to a discussion of some specific cases. 



a. The Roper resonance The Roper resonance 
N1/2+ (1440) is the lowest-mass nuclcon resonance 
and has the quantum numbers of the nucleon. Its 
most natural explanation as first radial excitation is 
incompatible with quark models in which the radial 
excitation requires two harmonic-oscillator quanta while 
the negative parity states like A r 1 / 2 -(1535) require one 
quantum only. Even including anharmonicity, the mass 
of the first radial excitation should always be above 
the first orbital-angular-momentum excitation. Within 
the constituent quark mo del with one-gluon-exchangc 
( Capstick and Isgurl. Il986l) or instanton induced forces 
LtJ) 



([Loring et all l2001bD . the Roper 7V 1/2 +(1440) should 



have a mass 80 MeV above the A r 1 / 2 -(1535) mass, and 
not w 100 MeV below it. 

Models using Goldstone -boson exchange interactions 
( Glozman and RiskaL I1996D improve on the Roper mass 
but this success is counterbalanced by two shortcomings: 
the interaction is (1) inappropriate to calculate the full 
hadronic spectrum, and (2) restricted to light baryons. 
Only the lowest-mass excitations were calculated with a 
comparatively large number of adjustable parameters. 

The Roper resonance has a surprisingly large width, 
and the tran sition photo-coupling amplit ude has even the 
wrong sign ( Capstick and Keisteii [l995h . Some calcula- 
tions on a lattice support the idea that the Roper is not 
the radial ex c itatio n of the nucleon ( Borasov et aU [20061 
iBurch et all 20061) fbut others come to the c ontra ry 
conclusion l|Mahbub et~al\ . 120091 ; iMathur et al\ . 120051 )). 
These difficulties, to explain the properties of the Roper 
resonance, encouraged attempts to interpret the data 
dynamically, without introducing a resonance. In a 
coupled-channel meson exchange model based on an 
effect ive chiral-symmetric Lagrangian by ( Krehl et all 
I2000D . no genuine ggg-resonance was needed to fit 
ttN phase shift s and inelasticity, in agreement with 
(jSchneider et aUl2006l ). Thus, iV 1/2 +(1440) is often in- 
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ttN -> Nn and ttN -> AK (|Ceci et all l2006alibh 
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FIG. 41 Helicity amplitudes for the 7*p -> JV(1440)Pn 
transition. The fu ll circles are recent results from CLAS 
(|Aznaurvanl. 120091 ), open boxes are results of an ear- 
lier analysis which in cluded 2ir electroproduction data 
(jAznaurvan et all 120051 ). The bands show the model un- 
certai nties. The fu l l trian gle at Q 2 = is the PDG esti- 
mate ([Amsler et al 1. I200ST ). The thick curves correspond to 
quark models assuming that V( 1440)Pn is a first radial ex - 
citation of the 3g ground sta te: (|Capstick an d KeisterL 1995) 
(dashed), l|Aznaurvanl |2007| ) (solid). The thin dashed curves 
are obtained assuming that V(1440)Pn is a gluonic baryon 
excitation (q 3 G hybrid state) (|Li et aU[i992h . 



terpreted as an intruder into the world of qqq baryons. 
Yet, the sign chang e in the helicity amplitude (Fig. 14*11 

•vanl 



as a function of Q 2 ( Aznaurvan et all |2008| ; [Aznaurvar 
I2009T ) does not support this interpretation; it rather sug- 
gest a node in the wave function and thus a radially ex- 
cited state. The result does of course not rule out a qqqqq 
(Nit) component in the wave function as sugge sted by 
(| Julia-Diaz and Riskal . [200riHLi and Riskal . 120061 ) . 

There has been the claim that the Roper resonance re- 
gion might house two resonances ( Morsch and Zupranskil 
I2000D . one at 1390 MeV with a small clastic width and 
large coupling to Nitir, and a second one at higher mass 
- around 1460 MeV - with a large elasti c width and smal l 
Nitty coupling. This idea was tested in ( Sarantsev et all 
120081 ) analyzing the over-constrained set of reactions 
ir~p — > Nil, ir~p — > n7r°7r°, 77) — > Ntt, 7p — > p7r°7r°. 
A second pole was rejected unless its width was suffi- 
ciently narrow to allow the resonance to have its full 
phase motion in between the masses at which data are 
available. We note in passing that in EBAC, no photo- 
produced Roper resonance was f ound in fits to the to- 
tal cross section ( Kamano et all l2009h . But of course, 
such fits are much less sensitive to the underlying dy- 
namics than event-ba sed likelihood fits performed by 
(jSarantsev et all l2008f) . 

We mention here a few further N±/ 2 + states: a narrow 
^(1680) which might have been observed in nrj photo- 
production was already discussed as iV 1 / 2 +(1680) in the 
section on pentaquarks. A V| /?+ (1880) was recently re- 
ported by ([Casteliins et all 120081) from ph o topro duction 
and has been observed by ( Manlev et all Il984h in the 
reaction ir~p — > pir + 7r~ . The latter observation is listed 
in the PDG under N 1/2 + (2100). The V 1/2+ (1710) reso- 
nance, questio ned in the most rec ent analysis of ttN elas- 
tic scattering ( Arndt et all l2006f) , was required in fits to 



b. iVj/2- (1535) 3-quark resonance or Nn-~EK coupled chan- 
nel effect? This resonance is observed at a mass expected 
in quark models but its large decay branching ratio to Nrj 
invited speculations that it might be created dynamically. 
An effective chiral Lagrangian, relying on an expansion 
in increasing powers of derivatives of the meson fields and 
quark masses, has been successful in understanding many 
N1/2- (1535) pro perties (and of the meson-baryon system 
at low energies) ( Kaiser et aLl . ll995l ). More recent studies 
- w ith more data but s i milar conclu s ions - are presented 
in dDoring et all 120081: iGeng et all 120091 ; iHvodo et all 
I2008D . (|D5ring et al.l . l2009t) studied the pole structure of 
N1/2- (1535) and N 1 / 2 - (1650). If a dynamically gener- 
ated (1535) is introduced and an additional pole 
(as quark model state), the latter pole moves far into 
the complex plane and provides an almost energy in- 
dependent background while the dynamically generated 
N1/2- (1535) pole appears as a stable object. However, 
the dynamical generation of N 1 / 2 - (1535) is tied to its 
strong couplings to KA and KYj. If theses couplings are 
reduced by about 40% or 50%, the dynamically generated 
resonance disappears. 

Experimentally, response functions, photo-couplings, 
and r/N coupling strengths as functions of the invari- 
ant squared momentum transfer (measured for Q 2 =0.13- 
3.3 GeV 2 ) were deduced from a measurement of cross sec- 
tions for the reaction ep — > e'np for total cent er of mass 
energies !V=1.5-2.3GeV (|Denizli et all 12007?) . The he- 
licity amplitudes were calculated within a coupled chan- 
nel chiral unitary approach assuming that V 1 / 2 -(1535) 
is dynamically gener ated from the str ong interaction of 
mesons and baryons ( Jido et all , l2008h . The Q 2 depen- 
dence is reproduced, the absolute height not (a quantity 
which is difficult to determine reliably from the data). 
The ratios obtained between the S\/ 2 and Axj 2 for the 
two charge states of the N\i 2 - (1535) agree qualitatively 
with experiment. They are not inconsistent with this 
resonance being dynamically generated. However, there 
are indications - e.g., the harder Q 2 dependence in the 
data compared to the prediction - that a genuine quark- 
state component could improve the agreement between 
experiment and the model. 

c. Ajy 2 - (1405) One of the first historical examples is 
Ai/ 2 -(1405) which was sugges t ed to be a KN quasi- 
bound state (|Dalitz and Tuanl . Il959l Il960l ). This ap- 
proach has been often revisited, since the A!/ 2 -(1405) 
is one of the resonances having a mass which is diffi- 
cult to reproduce in quark models. It falls just below 
the NK threshold; hence the attractive interaction be- 
tween V and K and the coupling to the T,ir channel could 
lead to a threshold enhanc ement or attract th e pole of a 
not-too-far qqq resonance ( Dalitz et all \\967). In mod- 
els exploiting chiral symmetry and imposing unitarity, 
Ai/2-(1405) can be generated dynamically from the in- 
teraction of mesons and baryons in coupled channels. 
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FIG. 42 Transverse (top) and longitudinal (bottom) helic- 



ity amplitudes for the 7*p —> jV-, /0 ~ (1535 
data points are from CLAS (iDenizli et al' 
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This is a unique (or rare) example where the predic- 
tions of chiral dynamics and the quark model are at 
variance. Quark models predict one l/2~ resonance at 
1400 McV, A 1/2 - (1405). A detailed study within a chiral 
unitary model revealed that the NK-Ttir co upled chan- 
nel e ffects is considerably more complex. ( Jido et all , 
120031 ) suggest that A 1/2 - (1405) may contain two reso- 
nances; one - mainly SU(3)f singlet - at 1360 McV with 
a larger width and a stronger coupling to 7rS, the other 
one at 1426 MeV, which is mostly SU(3)f octet and cou- 
ples more strongly to the NK. The lower mass state is 
mostly observed in the ir~p — > if °7rE reaction while the 
reaction K~p — > 7r°7r°E produces a relatively n arrow 
(T = 38 MeV) peak at 1420 MeV dMaeas et all . 120051: 
lOllerL l2006h . However, it is not yet clear how much 
SU(3) breaking invalidates these conclusions; possibly, 
the second pole coul d even dissolve in the background 
(|Borasov et ^.1 . 120061) . 

We propose to test these ideas by a measurement of 
J/ip — > A^-Ai^- where Ai/ 2 - stands for the conven- 
tional A -j /9- (1405) resona nce or the two-resonance struc- 



ture of ( Jido et all , 120031 ) and to measure the frequency 
with which the following decay sequences occur: 

J/V> -> (A 1/2 - -> ttE) (A 1/2 - ttS) (44a) 
J/ip (A 1/2 - -> KN) (A 1/2 - -> ttS) (44b) 
J/V -> (A 1/2 - ifiV) (A 1/2 - -> if V) . (44c) 

In decays SU(3)f singlet and octet states can be pro- 



duced pairwise, but simultaneous production of one octet 
and one singlet state is suppressed. If there were two 
states, there should be correlations between A 1 / 2 - (1405) 
and Aiy 2 - decays; for a single-state resonances, the de- 
cays are uncorrelated. We anticipate that the latter 
prediction is correct. Assuming a two-pole structure of 
Ai/ 2 -(1405), the correlation in the Ai / 9 -(1405) — > 
(+c.c.) decay modes is cal culated in (iLi and Qsetl . l2004h . 
We note in passing that (IWohl l2008aF compares light 
and heavy baryons and concludes that A 1 / 2 - (1405) is a 
3-quark resonance. 



3. Baryonic hybrids 

Baryons with properties incompatible with quark 
model predictions can be suspected to be baryonic hy- 
brids. This fate is shared by a number of states, 
the Roper resonance iV j / 2 +(1440) being one example. 



Likewise, A 1/2 +(1600) (jKisslingerL \20o4) , £ 1/2 +(1600) 
and S 1 / 2 +(1660) have low masses and could be hy- 
brids as well. The mass gap between A 1 / 2 -(1405) and 
A3/2- (1520) is larger than expected in quark models but 
can be reproduced assum ing them to be of hybrid nature 
( Kittel and Farrarll2005l ) where a possible hybrid nature 
is also suggested for A c (2593) and A c (2676). 

First bag-model predictions suggested that 
some hybrids cou l d have masses just below 2 GeV 
(jBarnes and Closet Il983l iGolowich etall . Il983f) mak- 
ing a hybrid interpretation of ^^+(1440) unlikely. 
Also in a non-relativistic flux-tube model, the lowest 
hybrid-baryon mass was estimated to be 1870 ± 100 MeV 
(jBarnes et a ll, Il995l: IC apstick and Pagi l2002h. Within 

a relativistic quark model, ( Gerasvuta and Kochkinl . 

l2002f ) arrived at hybrid masses suggesting that 
jVi/ 2 +(1710) and A 3 / 2 +(1600) could be hybrid baryons. 
QCD sum rules predict, however, a hybrid mass of 
1500 MeV and iVi / p+ (14 40) remains a hybrid candidate 
([Kisslinger and Lil . fl995h . 

The most convincing experimental evidence provid- 
ing an interpretation of the Roper resonance is derived 
from recent measurements of nucleon resonance transi- 
tion form factors. Figure 22 shows the transverse and 
longitudinal electro-coupling amplitudes ^4i/ 2 and <Si/ 2 of 
the transition to the N 1 / 2 + (1440) resonance. At the pho- 
ton point A1/2 is negative. The amplitude rises steeply 
with Q 2 and a sign change occurs near Q 2 = 0.5 GeV 2 . 
At Q 2 = 2 GeV 2 the amplitude has about the same mag- 
nitude but opposite sign as at Q 2 = 0. Then it falls 
off slowly. The longitudinal amplitude <Si/ 2 is large at 
low Q 2 and drops off smoothly with increasing Q 2 . The 
bold curves represent various quark model cal culations , 
the t hin dashed line is for a gluonic excitation ( Li et all , 
Il992l ). The hybrid hypothesis misses the sign change in 
A1/2', S1/2 is predicted to vanish identically. In contrast, 
most quark models qualitatively reproduce the experi- 
mental findings: the Roper ^^+(1440) resonance is the 
first radial excitation of the nucleon. 
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TABLE XXIII Parity doublets and chiral multiplets of N* 
and A* resonances of high mass. List and star rating are 
taken from Table IXTTTl 



J=h N 1/2+ (1710) N 1/2 _(1650) 



J= 



J ~2 



N 



3/ 2+ (1720) 
N B/2+ (1680) 
N 1/2+ (1880) 



N 3/2 _ (1700) 
N 5/2 _ (1675) 

' ;k ;k ;k ;k 

N 1/2 _(1905) 



A 1/2+ (1750) A 1/2 _(1620) 

' ' s|< ;k ;k 

A 3/2ji 160 °) A 3/2,-ii 70 °) 
no chiral partners 



J=i N 3/2+ (1900) N 3/2 _(1860) 



N 5/2 +(1870) 
N 7/2+ (1990) 



no ch. partner 



J=-^ no ch. partner 



J— § ^9/2+ 

' **** 



A 1/2 +J1910) A 1/2 -(1900) 

A 3/2 +(1920) A 3/2 _(1940) 

A 5/i+ii 905 ) A 5/2-( 193 °) 

no ch. partner A 7 ; 2 + (1950) no ch. partner 

' ik 3|C 

no ch. partner A 7 / 2 - (2200) 

A 9/2+ (2300) A 9/2 _ (2400) 



(2190) 



(2220) N 9/2 _ (2250) 



is not expected. In AdS/QCD parity doubling arises 
naturally due to the L + N dependence of the nucleonic 
mass levels. Within their collective model of baryons by 
( Biiker et all Il994 Il997ft , parity doubling is explained 
by th e "geometric structure" of excitations (jlachellol . 
1989). In Rcggc phenomenology the separation of states 
scales with SM 2 = const, or Mi - M 2 = const/(Mi +M 2 ). 
Experimentally, the masses of states with positive and 
negative parity often show mass-degeneracy, but not in 
all cases. Clearly, a definition is needed when two masses 
are called mass degenerate (within experimental errors) 
or not. In Table IXXIIIl we have not accepted as parity 
partners having a mass spacing in the order of th e normal 
shell separ ation. Based on quantitative t ests, ( Klemptl . 
120031 ) and (|Shifman and Vainshteinl . l2008ft remain skep- 
tical if the observed mass pattern are related to a fun- 
damental symmetry of QCD; it could as well be due a 
dynamical symmetry like absence of spin-orbit forces. 



V. SUMMARY AND PROSPECTS 



4. Parity doublets, chiral multiplets 

The existence of parity doublets in the bar yon spec- 
trum has been noticed as early as 1968 in ( Minamil . 
11968ft . and arguments in favor of t heir existence were 
given even before (see ( Afoninl . [2007") for a review). Par- 
ity doublets arc expected in a world of chiral symme- 
try. The large mass difference between the nucleon and 
its chiral partner with J = 1/2 but negative parity, 
N\/2- (1535), evidences that chiral symmetry is broken 
spontaneously. Glozman deserves the credit to have con- 
sistently point ed out - in at least 20 pape rs on arXiv , 
we quote here ( Cohen and Glozmanl . l2002al lbl: iGlozmanl . 
|2000j) - that at high masses, mesons and baryons often oc- 
cur in nearly mass-degenerate pairs of states with given 
spin but opposite parity: parity doublets are observed 
and possibly even parity quartets in which all (four) nu- 
cleon a nd A states w i th ide ntical J p are degenerate in 
mass. (|Bicudo et all 12009ft argue that the mass split- 
tings between these parity partners decrease with increas- 
ing baryon mass, and that the decreasing mass difference 
can be used to probe the running quark mass in the mid- 
infrared power-law regime. 

Table IXXIIIl summarizes the experimental status of 
multiplets for J p = l/2 ± , • • • 9/2 ± . In spite of an 
intense discussion in the literature , re viewed, e.g., by 



(|Jaffe et al.l . l2006ft and (| Glozmanl . [20071 ) . there is no con- 
sensus whether parity doubling emerges from the spin- 
orbital dynamics of the 3-quark system, if it reflects a 
deep symmetry in QCD, or if they do not exist at all in 
nature. With the present status of the data, this question 
will likely remain unsettled. New data and new analyses 
are needed. 

In the harmonic oscillator approximation, a three- 
quark system is characterized by successive shells of pos- 
itive and negative parity. Formally, this corresponds to 
masses being proportional to L + 2N. Parity doubling 



The recent years have seen a remarkable boost in our 
knowledge of baryons with heavy flavors, with the num- 
ber of known baryons with 6-quarks increasing from 1 to 7 
in the last 4 years, and that of charmed states from 16 to 
34. However, many points remain to be clarified: in most 
cases, the quantum numbers of heavy-flavor baryons are 
deduced from quark-model expectation, and a direct 
measurement would be desirable. One exception is the 
A c (2880), determined experimentally to be J p = 5/2 + 
exploiting the decay angular distribution in the sequen- 
tial A c (2880)+ -> (£ c (2455)tt)+ decay (Fig. 0, but the 
mass spectrum suggests rather spin 1/2 or 3/2 and neg- 
ative parity. The heaviest baryon known so far, Qt, may 
have a mass of 6.165 GcV which seems almost 100 McV 
too high by comparison with the strangeness-excitation 
energy in the sector of charmed baryons, but this result 
has been challenged recently. 

The double-charmed baryon, 2jj" c has been seen in 
only one experiment, and the measured mass seems 
a little too low as compared to model prediction. It 
is surprising that the mechanism of double cc produc- 
tion, which is responsible, e.g., for the observation of 
J/V' + T] c in e + e~ collisions does not produce more of- 
ten cc + cc, whose hadronization would lead to double- 
charm baryons. Triple-charm (or (ccb), (ebb) or (bbb)) 
spectroscopy will be to baryons what heavy quarkonium 
is for mesons: a laboratory for high-precision QCD stud- 
ies. It is expected, for instance, that the analog of the 
Roper resonance for these baryons would be stable, and 
lie below the negative-parity excitations. 

The experimental prospects for heavy baryon spec- 
troscopy are bright provided the chances are used. Re- 
member that discussions and even workshops are reg- 
ularly held to use the production potential of heavy- 
ion collisions for the spectroscopy of exotic and heavy- 
flavored hadrons, but the corresponding upgrade of de- 
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tcctors, triggers and analysis programs has not yet 
started. 

Doubled charmed baryons will probably be produced 
abundantly at LHC and even (ccc ) states are not beyond 
the possibility. See, for instance , dBerezhnoi et aZ.l . ll998t 
iGomshi Nobarv and Sepahvandl . l2007h for estimates of 
the production rates. The upgrade of BELLE will im- 
prove the statistics in B decays and of background e + e~ 
annihilation events very substantially; most information 
we have at present stems from the predecessors BaBaR, 
the present BELLE and from CLEO. PANDA offers a 
further unique possibility to study the physics of heavy 
flavors. 

Light baryon spectroscopy has come again into the fo- 
cus of a large community. The quark model still pro- 
vides the most convincing picture. Even its simplest ver- 
sion, the harmonic oscillator, accounts for the number 
of expected states at low masses, and the description is 
improved by using a better central potential and spin- 
dependent forces. In its relativistic variants, electromag- 
netic properties such helicity amplitudes of photoproduc- 
tion, magnetic moments, and form factors can be calcu- 
lated as well. However, at higher excitations, the quark 
model leads to the problem of "missing resonances" . Here 
we recall that the masses of ground state baryons do not 
arise from the motion of relativistic quarks but rather 
from chiral symmetry breaking. Possibly, chiral symme- 
try breaking is also the primary source for the masses of 
excited baryons, where chiral symmetry could be broken 
in an extended volume. 

The question of dynamically generated resonances will 
require further clarification. The states predicted by 
quark-gluon dynamics need long-range corrections with 
higher Fock configurations, which are dominated by the 
meson-baryon interaction. On the other hand, reso- 
nances can be described starting from a purely hadronic 
picture, with the recent improvements provided by effec- 
tive theories and chiral dynamics, but in this approach, 
short-range corrections lead back to interacting quarks. 
The situation is perhaps similar to that of atoms in 
a magnetic field, for which both the weak-field and a 
strong-field limits are relatively simple. For intermedi- 
ate fields, the truncated weak-field and strong-field ex- 
pansions give different predictions, that a superficial ob- 
server could misinterpret as a doubling of the atomic lev- 
els. For baryon resonances, quark-model wave functions 
and meson-baryon states have clearly a sizable overlap, 
hence their superposition should be handled with care. 

Experimentally, intense efforts are undertaken to carry 
out photoproduction experiments with linearly and cir- 
cularly polarized photons and protons polarized along 
the direction of the incoming photon beam, or trans- 
versely. The reaction — > AK + offers the best chance 
to perform a complete experiment, in which the full 
photoproduction amplitude can be reconstructed in an 
energy- independent partial- wave analysis. Important 
steps have been marked by experiments like CBELSA, 
CLAS, GRAAL, LEPS, and different experiments at 



MAMI; several groups are attacking the difficult task 
of extracting from the data resonant and non-resonant 
contributions in energy-dependent partial-wave analy- 
ses. The confirmation of a few states (N 3 / 2 + (1900), 
A 3/2 +(1920), A 3/2 -(1940)) which had been observed in 
the old analyses of Hohler and of Cutkosky and which 
were missing in the recent analysis of the GWU group 
substantiates the hope that photoproduction of multi- 
particle final states is a well-suited method for uncovering 
new baryon resonances. 

The known baryon resonances show a few very surpris- 
ing results. First, the apparent absence (or smallncss) 
of forces beyond confinement and hypcrfinc interactions 
leads to clear spin multiplcts and thus allows one to as- 
sign intrinsic orbital and spin angular momenta to a given 
baryon resonance. The four nearly mass-degenerate 
states A 1/2+ (1910), A 3/2 +(1920), A 5/2+ (1905), and 
A 7 / 2 + (1950) form a quartet of resonances. It is count- 
ing the number of states and not relying on a model 
which determines the total quark spin to S = 3/2 and 
the orbital angular momentum to L = 2. Mixing with 
other states is not excluded, but giving mixing angles 
is (so far) a model-dependent statement. On this ba- 
sis, all nucleon and A resonances can be assigned to a 
few SU(6) multiplcts while other multiplets remain com- 
pletely empty. At large masses, all known resonances are 
compatible with nucleon excitations having a total quark 
spin S = 1/2 and A excitations having 5 = 3/2. At low 
energies, including the second excitation shell, the full 
richness offered by the 3-particle problem seems to be 
realized, except for one multiplet with an antisymmetric 
orbital wave function in which the angular momenta of 
the two oscillators with l p = 1 and l\ = 1 couple to a to- 
tal angular momentum L = 1. Based on the systematics 
of baryon masses, we expect a spin doublet iVi/2+ and 
N3/2+ at a mass of about 1.75 — 1.85 GcV. Since both 
oscillators are excited, direct production of these states 
may be suppressed. But the two states could mix with 
the two known states ^^+(1710) and N 3 / 2 + (1720), and 
we expect a pattern which is difficult to resolve. Indeed, 
inconsistencies in the properties of the two resonances 
as produced in photoproduction and in ttN elastic scat- 
tering may be a first hint for these elusive resonances. 
In the intermediate region, in the third shell, some mul- 
tiplcts are rather completely filled while others remain 
empty. There is no obvious systematic behavior which 
states are observed and which ones not. It is an open 
question if these states are not realized because of an 
unknown dynamical selection rule or if they just have es- 
caped experimental verification. We note that in most 
cases there is, for isospin / and strangeness S, only one 
resonance is found experimentally with a set of quantum 
numbers L, N, S, and J while quark model predict an 
increasing (with mass) number of states all having the 
same quantum numbers. 

The masses of nucleon and A resonances exhibit in- 
triguing spin-parity doublets, pairs of states with J p = 
J , and even evidence for four mass-degenerate nucleon 
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and two A resonances, all having the same J. The ab- 
sence of strong spin-orbit forces leads to a degeneracy of 
states with given L and S but coupling to different J. 
Thus, the spectrum reveals a high level of symmetries. 
Different interpretations have been offered to explain the 
symmetries, restoration of chiral symmetry in the high- 
mass region (Table EXTO, and AdS/QCD (Table HE}. 
The two interpretations predict different mass values for 
the lowest- mass A 7 / 2 - state. In AdS/QCD this state 
should have intrinsic L = 3, S = 1/2 and 2.12 GeV mass. 
When chiral symmetry is restored, it should be found at 
1.95 GeV. A search for the lowest-mass A 7 / 2 - resonance 
is thus urgently requested. 

Photo-induced reactions seems to favor production of 
low-angular-momentum states while pion-induced reac- 
tions (at least irN elastic scattering) is rich in high- 
angular-momcntum states. To get a complete picture, 
hadron-induced reactions will be needed for a f ull un- 
derst anding of the baryon resonance spectrum. ( Buggl . 
120071 ) has underlined that relatively simple experiments 
with no charged-particle tracking and with no magnetic 
field but a good electromagnetic calorimeter and a polar- 
ized target would give decisive new information on the 
hadronic mass spectrum, for both mesons and baryons, 
provided a good pion beam - which in the sixties of last 
century used to be the most natural thing in the world - 
would be available. A perfect laboratory for such exper- 
iments would be JPARC at KEK. 

The chances for breakthroughs in the spectroscopy of 
light and heavy baryons are there and need to be pur- 
sued. The additional degrees of freedom in baryons - 
compared to the much simpler mesons - offer the possi- 
bility to test how strong QCD responds in such a complex 
environment: which of the multitude of configurations 
are realized and what are the effective agents and forces 
leading to the highly degenerate pattern of energy levels. 
A related question is whether iterating the binding mech- 
anisms seen at work for baryons lead to exotic hadrons, 
in particular multiquark states. 
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